Simple Model for Simulation of the Fate of Mineral Matters in a Coal Fired Boiler by Lo, Jeng-Yeng
A SIMPLE MODEL FOR SIMULATION OF 
THE FATE OF MINERAL MATTERS 




Bachelor of Science in Engineering 




Submitted to the Faculty of the 
Graduate College of the 
Oklahoma State University 
in partial fulfillment of 
the requirements for 
the Degree of 
MASTER OF SCIENCE 
July, 1988 

A SIMPLE MODEL FOR SIMULATION OF 
THE FATE OF MINERAL MATTERS 






Dean of the Graduate College 
ii 
ABSTRACT 
A major problem in the operation of coal fired boilers 
is the formation of slag and fouling of the boiler tubes. 
The slagging problem may become detrimental to the operation 
of the boiler, especially when different coals are blended. 
The objective of this project was to develop a model to 
predict the composition of slag or fouling at different 
locations of a poiler. A simple computer model was 
developed to predict the rate of deposition and the 
composition of deposits formed at different locations 1n a 
boiler. A multicell, lumped parameter approach was used, 
assuming that the cells are well mixed and deposition occurs 
only by condensation of the stable minerals on the boiler 
tubes. An energy balance was used to calculate the coal 
flame temperature which is then used to estimate the 
temperature distribution in the boiler. Chemical 
equilibrium constants were evaluated to define the stable 
compounds at different temperatures. The amount of each 
compound deposited at various locations was determined from 
the vapor pressure of that compound. Predictions of this 
model are in general agreement with the power plant data 
suggesting that the dominant compounds in the high 
temperature zone are the oxides, and the major compounds in 
the low temperature zone are the sulfates. 
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Coal has been the main source of energy for generating 
electricity in the United States and with the continuous 
depletion of oil and gas resources, its utilization will be 
growing more rapidly in the coming century. All types of 
coal contain significant and variable amounts of largely 
incombustible inorganic compounds, called "mineral matter" 
or "ash". 
The mineral matter primarily includes clays, shales, 
pyrite, quartz, calcite and lesser amounts of other 
materials, depending on the chemical and mineralogical 
composition. This mineral matter content is typically of 
the order of ten percent by weight in the United States 
coals. This mineral matter, which must be carried through 
the combustion process, can form deposits in the boiler, 
especially in a pulverized-coal-fired system. A typical 900 
MW power plant burning about 400 t/h of a pulverized coal 
containing 10 percent ash produces about 40 t/h of ash 
(Raask 1985,a). The mineral matter of coal can form bottom 
ash, slag, fly ash and some fraction may form deposits on 
heat transfer surfaces inside the boiler. The presence of 
ash deposits and fly ash can create the following problems 
1 
in a boiler: 
1. Reduction of heat transfer 
2. Impedance of gas flow 
3. Physical damage to boiler tubes 
4. Corrosion of boiler tubes 
5. Erosion of boiler tubes 
These problems can result in reduced generating 
capacity and maldistribution of flow and temperature, 
eventually resulting in unscheduled shutdowns. 
2 
Ash which deposits on boiler walls in the radiant 
section of a furnace is generally referred to as slag. Ash 
deposition in the convective section of the furnace is 
referred to as fouling. Previously, many investigators have 
used traditional ASTM techniques to correlate the slagging 
and fouling potential of different coals(Winegartner, 1974). 
However, these do not always provide the necessary 
information that can be used to make predictive judgments 
with a desired confidence level on mineral matter behavior. 
Especially, when high temperature data available on mineral 
matter behavior are limited and the work required to obtain 
additional data is expensive and time consuming. Thus, it 
has become more desirable to develop suitable models of high 
temperature behavior of the mineral matter to avoid the time 
and cost involved in acquiring additional information which 
are needed for rapid estimation of fuel properties and for 
continual operation of a boiler with new fuels which have 
different mineral matter contents. 
3 
The process of ash deposit formation is quite 
complicated. A complete understanding of this process 
requires a thorough knowledge of fundamental data on 
chemical composition and distribution of mineral matter in 
coal, transformations and reactions of the mineral matter in 
the flame, ash transport mechanisms, initial adhension of 
ash particles to heat transfer surfaces and subsequently to 
each other to form a deposit, and further interactions of 
deposited ash to form a strong deposit. All of these 
physical and chemical changes during deposit formation are 
not only coal related but also strongly dependent on the 
boiler configuration and operational conditions. As a 
consequence, a precise and quantitative knowledge of the ash 
deposit formation mechanism has not yet been obtained. 
The principal objective of this study is to develop a 
suitable computer program which can simply and easily 
determine the composition of the ash deposited at different 
locations in a combustion chamber by using the regular coal 
analysis and a few operational parameters. This program is 
designed to run on IBM compatible Personal Computers, which 
are easy to use and widely available. 
Chemical equilibrium constants are evaluated and used 
to define the stable ash compounds at different 
temperatures. A typical temperature profile of a utility 
boiler is chosen to determine the formation environment of 
these compounds. Coal flame temperature is calculated to 
adjust the temperature profiles when different coals are 
4 
burned. The amounts of the vapor species are determined by 
the vapor pressures of the compounds and the distribution of 
the ash deposits is also determined. 
This program is ready for use in an operating power 
plant. It provides for a rapid estimation of the rate and 
composition of minerals deposited on the boiler walls. When 
a change in the coal supplied to an existing boiler is being 
considered, numerous operating parameters can be simulated 
through this program to aid in deciding operating strategies 
that will permit continous operation. 
This program can also be used to determine flue gas 
composition, adiabatic flame temperature, composition and 
location of deposits, as well as accumulation rates for 
laboratory scale furnaces (Wang, 1988), if furnace dimension 
and temperature profile are specified. The results of this 
program will provide a basis for comparison between 
theoretical predictions and experimental data, especially at 
high temperatures. 
CHAPTER II 
BASICS OF SLAGGING AND FOULING 
The coal ash deposition process involves numerous 
aspects of coal combustion and mineral transformation. The 
following factors are important in the formation of ash 
deposits: 
1. Boiler configuration and operating conditions 
2. Mineral matter characteristics of coal 
3. Chemical and physical transformation 
4. Ash deposit formation mechanism 
The literature review will also focus on these subjects. 
Boiler Configuration and Operating Conditions 
A Radiant boiler is often used in utility stations and 
large industrial plants. The Radiant boiler derives its 
name from the fact that the transfer of heat is largely by 
radiation. This boiler is a high-temperature, high-capacity 
drum type boiler. Boiler convection surface is usually 
small in these units. It has a nominal output of 1,750,000 
lbs/h steam for continuous operation (Babcock & Wilcox, 
1975). The system incorporates the following essential 
features: coal storage and pulverization, coal and air 
supply to the burner, ignition, combustion and radiant zones 
5 
6 
of heat transfer surfaces in the furnace (waterwall, radiant 
superheater and reheater tubes), bottom ash removal 
equipment, on-line tube cleaning facilities (soot blower), 
steam drum, superheater and reheater tube banks for 
convective heat transfer, economizer, air heater, fly ash 
removal equipment, fans, and stack. Figure 1 is a schematic 
configuration of a typical radiant boiler for pulverized 
coal. 
The pulverized coal and primary air mixture are 
injected into the furnace via burners, where mixing with the 
secondary air occurs. The coal particles are heated at 105 
to 106 0c;s in the flame zone where a loss of moisture 
followed by the evolution of volatiles occur. As the 
devolatilization is nearly completed, heterogeneous char 
combustion dominates the burning of the residual char until 
the particle is completely burned. Efficient mixing of the 
burning pulverized coal particles and the combustion air is 
essential. Particles should have sufficient residence time 
in the high temperature zone to burn completely. 
Temperature in the radiant section may be as high as 
1800°C depending on the coal and process conditions. The 
heat released in the combustion chamber is either absorbed 
by the furnace wall tubes or is passed out by the heat 
content of the flue gas and fly ash. The metal temperature 
of the waterwall tubes is maintained at about 400° C to 450° 
c by water circulating within the tube. The water and steam 
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8 
tubes into the steam drum where the steam is separated from 
the mixture and passes to superheater tubes. The flue gases 
{1100 - 1400° C) contact a bank of superheater tubes which 
further heat the steam before it enters the high-pressure 
turbines. The exhaust steam from the high-pressure turbines 
is then returned to the reheater tubes and transported to 
the low-pressure turbines to increase boiler efficiency. 
The metal temperature of superheater and reheater tubes may 
be maintained as high as 650° C, thus high temperature is 
required to superheat the steam. The steam is condensed 
after the turbine and this water is transported back to the 
economizer which removes heat from the flue gases at about 
800° C and then recycles to the furnace as the boiler feed 
water. The flue gases from the economizer enter the air 
heater where the final heat removal occurs. The air heater 
has two functions: it cools the flue gases before they pass 
to the atmosphere and at the same time it raises the 
temperature of the incoming air to the combustor thereby 
increasing the efficiency. 
Mineral Matter Characteristics 
The physical and chemical properties of ash formed from 
coal combustion are important in determining the potential 
of a coal to form deposits in boilers. Therefore, it is 
important to consider the composition and mode of occurrence 
of the inorganic constituents in coal. Mineral matter is 
now commonly determined by low-temperature ashing 
9 
(Gluskoter, 1965; Frazer and Belcher, 1973; Miller et al., 
1979}. In addition to the fact that minerals are not 
altered much by this ashing technique, its main advantage is 
that the residue can also be a suitable sample for other 
techniques of mineral identification and analysis. Modern 
methods of analysis of the minerals in coal are summarized 
and discussed in detail by Russel and Rimmer (1979) and 
Gluskoter et al. (1981). The minerals that frequently occur 
in coals are listed in Table I. Falcone and Schober (1986} 
applied low temperature ashing (LTA), ASTM, and high 
temperature ashing (HTA), conducted at 125° C, 750° C and 
1000° C respectively, and used XRD to identify the mineral 
mixtures which are shown in Table II. They concluded that 
the mineralogies of the raw coals studied do not vary a 
great deal. Quartz, kaolinite, pyrite and bassanite are 
found in abundance in each LTA sample. Greater differences 
between samples are apparent at higher temperatures, because 
complex aluminosilicates predominate. Some researchers 
proposed that during combustion quartz and aluminosilicates 
will react with the volatilized sodium or calcium to form 
sodium silicates or complex sodium aluminosilicates (Johnson 
and Litter, 1963; Morgan et al., 1981). Johannes (1977) 
discussed LTA/HTA ratio for many coals. For bituminous 
coals, the LTA/HTA ratio is 1.3 to 1.5 and for lignite this 
ratio will increase. 
Pedia (1974,a) proposed that the decrease of mineral 
































MINERAL MATTERS IN COALS 
Formular 
(K,Na,H3o3 ,Ca) 2 (Al,Mg,Fe, 
Ti) 4 (Al,Sl} 8o20 <0H,F) 4 
Usual Proportions 
50- 90 % 
lorn: 0- 20 % 
Sodium and 
Potassium: 0- 4 % 
Sulfur: 0.5- 10% 
Calcium: 0- 20 % 
Magnesium: 0- 8 % 
General elements: 
Sodium and 
Potassium: 0- 4% 
Titanium : 0- 2% 
P,Ni,B,Zr: < 1% 
(Godridge and Read, 1976) 
TABLE II 
MINERALOGOCAL COMPOSITION OF ASH SAMPLES 






















































































TABLE II (Continued) 
Coal type 
Falkirk Quartz Anhydrite Anhydrite 
Kaolinite Quartz Quartz 




Gascoyne Quartz Anhydrite Anhydrite 
Blue- Kaolinite Quartz Melilite 
High Na Pyrite Hematite Hauyne 
Calcite Magnetite Quartz 
Sodium Sulfate Nose an 
Melilite 
Gascoyne Quartz Anhydrite Anhydrite 
Read- Kaolinite Quartz Quartz 
Low Na Pyrite Hematite Hauyne 
Magnetite Pyroxene 
Hematite 
Indian Quartz Anhydrite Melilite 
Head- Pyrite Quartz Hematite 
High Na Kaolinite Hematite Anhydrite 




Pike Quartz Anhydrite Anhydrite 
Kaolinite Quartz Hematite 
Pyrite Pyrite Melilite 
Anorthite 
Quartz 
Velva Quartz Anhydrite Anhydrite 
Kaolinite Quartz Gehlenite 




(Falcone and Schobert, 1986) 
13 
volatilization losses during ashing process. The losses are 
mainly due to the partial or complete loss of water of 
kaolinite and illite, conversion of pyrite to ferric oxide 
and dissociation of carbonates and sulfates to metal oxides 
with the release of co2 and so2 . He also reported a 
relation between the mineral matter and ash content based on 
the proposed decomposition scheme and a material balance. 
Mineral matter= ash+ 0.6255 pyrite(coal) + 
0.833Ssulf(coal)( 1- ash/100.0) + 
(ash/100)(0.162(Si02 + Al 203>ash + 
0.79Ca0 ash+ 1.1Mg0 ash) 
The silicate minerals, kaolinite and aluminosilicate 
species together with quartz constitute the bulk of mineral 
matter in most coals. The silica (Si02 ) and alumina (Al 20 3 ) 
as determined by ASTM analysis are present in alumino-
silicates on an average weight ratio of 1.5 to 1.0 as 
reported by Dixon et al. (1970). Based on these, 
Raask(1985, b) proposed methods to quantitatively determine 
the approximate amounts of different silicate species of 
bituminous coal mineral matter from ash analysis. The 
excess of silicate represents the amount of quartz in coal 
mineral matter: 
where (SiOz)q, (SiOz>t and (Al 20 3 ) denote the quartz, total 
silica and alumina contents of ash respectively. The 
potassium alumino-silicate content of coal mineral matter 
(KAl-Si) by weight percent is: 
0.11 
where K20 denotes the potassium oxide content of ash. 
Since the total amount of silicate mineral equals 
approximately the sum of Si02 , Al 2o3 and K20 in ash, 
an estimate of kaolinite is given by: 
Table III gives the Si02 , Al 2o3 and K2o contents of some 
U.S. and British bituminous coal ashes and uses this 
14 
estimation technique to calculate the approximate amounts of 
quartz, potassium alumino-silicate and kaolinite in the 
mineral matter. From this table it is found that silicate 
minerals usually account for between 60 - 90 percent of the 
total minerals in coal. 
Chemical and Physical Transformations 
The mineral matter undergoes two different types of 
transformations in a pulverized coal combustion process. 
These are the chemical transformation and the physical 
transformation, which will be discussed here. 
Chemical Transformation 
The identification of coal minerals and their chemical 
TABLE III 
ESTIMATED AMOUNTS OF SILICATE SPECIES IN BITUMINOUS 
COAL MINERAL MATTERS 
Ash Constituents 




Quartz Alumino- Kaolinite 
Silicates 
--------------------------------------------------------
Low GB 31. 1 18. 1 1.2 3.9 10.9 26.2 
Si02 
us 29.2 14.2 1.5 7.9 13.6 23.6 
Med. GB 46.5 22.8 2.8 12.3 25.5 34.3 
Si02 
us 46.6 27.8 1.1 4.9 10.0 60.6 
High GB 55.5 30.0 2.7 10.5 24.5 53.2 
Si02 
us 56.5 32.2 2.6 8.0 23.6 59.7 




Clovis 50.2 13.6 1.5 29.9 12.5 22.9 
Point 
----------------------------------------------------------
* used the same estimation technique to calculate two 
Wyoming coals 
(Raask, 1985, b) 
15 
transformation at high temperatures have been studied by 
various investigators (Selvig and Gibson, 1956; Ramsden, 
1969; Halstead and Raask, 1969; O'Gorman and Walker, 1971; 
16 
Boow, 1972; Augustyn et al., 1976). Table IV indicates the 
general changes of mineral matter found at various 
temperature levels (Gluskoter and Mitchell, 1976). Most of 
the high temperature transformation works have consisted of 
differential thermal analysis studies and X-ray diffraction 
studies in which the coal minerals were heated slowly. The 
transformations observed in these works are apparently slow 
processes with respect to chemical kinetics. These studies 
do not simulate the rapid heating conditions in pulverized 
coal combustion (105 - 106 °C/s). Therefore, it is not 
clear whether they correspond to the more rapid 
transformations occurring during actual combustion 
processes. 
Pedia (1976,b) simulated the actual combustion 
conditions in a free fall furnace from 777°C to 1557°C and 
concluded that the chemical transformations of the principal 
mineral constituents are as given in Table V. Compared with 
ASTM ash, the weight loss of ash increased with the increase 
of furnace temperature. The weight loss was attributed to 
the thermal decomposition of kaolinite, carbonates and the 
oxidation of pyrites. For higher temperatures, additional 
losses were observed which were mainly by decomposition of 
CaS04 and the vaporization of silica and other oxides. 
Falcone and Schobert (1986) modeled mixtures of the major 
17 
TABLE IV 
GENERAL CHANGES OF MINERAL MATTERS AT VARIOUS TEMPERATURES 
(4 5 6 7 8 9 10 11 12 13 14)*1oo0c 
~------------- Quartz ------------~ 
Si02 
~- amorphous -~ 
~kaolinite~ ~-metakaolinite~ ~----------mullite----------7 
Al 20 3 •2Si02 
2H20(clay) 
~-illite--~ f-----------------amorphous------------------7 






lime and anhydrite CaO 
~--gypsum-~ t----------------anhydrite-------------------7 
CaS04 •2H2o CaS04 
(Gluskoter and Mitchell, 1976) 
TABLE V 
PRINCIPAL REACTIONS OF MINERAL MATTERS 
IN OXIDIZING ATMOSPHERE 
Species 
Kaolinite 









CaMg(C03 ) 2 
Reaction Apporximate R0action 
Temperature, C 





710 - 950 
740-800 
(Pedia, 1976, b) 
18 
mineral matter which are given in Table VI. Greater 
differences between samples are apparent at higher 
temperatures, where complex aluminosilicates predominate. 
Physical Transformations 
The physical transformations that mineral matters 
undergo include fusion, agglomeration, vaporization and 
formation of cenospheres (Sarofim et al., 1977). 
19 
Frenkel(1945) has shown that the fusion time, t, of 
transformation of an irregularly shaped particle to a sphere 
is given approximately by: 
r = the distance of a point on the original surface from 
the center of a sphere of equivalent volume having radius 
ro 
where z = 4 TT Vy . 
~ = viscosity. 
Y = surface tension. 
If the value of surface tension and time of exposure to 
high temperature is known, the viscosity at which the 
irregular shape particle transforms to sphere can be 
calculated. Raask(1986,c) concluded that the small 
irregularly shaped particles should transform to sphere in a 
coal flame because the viscosity of silicate glassy material 
is several orders higher than that required for bulk flow 
under gravity which is about 25 Nsm-2 . 
20 
TABLE VI 
SYNTHETIC COMPOUND MIXTURES AND TRANSFORMATIONS 
OCCURRING DURING HEATING 
---------------------------------------------------------
Compound Molar T0mp 
Mixtures Ratios c Analyzed Minerals Processes 
----------------------------------------------------------
Ca(C~H302 ) 2 2:1 750 Anhydrite(CaSO~) Oxidation 
+ Fe 2 + Magnetite(Fe3 J) 1000 Anhydrite(CaS ~ Oxidation 
+ Magnetite(Fe8 4 > + Hematite(Fe2 3 ) 
CaCO~ 1:2 750 Anhydrite(CaS04 ) Oxidation 
+ Fe 2 + Calcite(Caco8) 
+ Hematite(Fe~ 3) 
1000 Anhydrite(Ca 0 4 ) Oxidation 
+ Hematite(Fe2o8) 
+ Magnetite(Fe3 4 > 
+ CaO 
Ca(C2Ha0t)ft + 1:1 750 Amorphous Oxidation 
Al2S1 2 5 0 ) 4 + CaO Dehydration 
1000 Gehlenite Reordered 
(Ca2Al 2Si07 ) 
NaC~H3o2 + 1: 1 750 Amorphous Dehydration 




Caco3 + 2.5:1 750 Calcite(CaC03 ) Dehydration 
Al 2S1 20 5 (0H) 4 + Amorphous phase Collapse 
1000 Gehlenite Reordered 
(CaOA1 2Sil0?) 
+ Ca + Mu l1te 
Na2so4 + 1:1 750 Na2so4 Dehydration 
Al 2Si20 5 (0H) 4 + Amorphous 


















(Ca2Al 2Si07 ) 
+ Nepheline 
(NaAlSi 4 ) + Hauyne 
(Na,Ca) 6 _8 (AlSi04 ) 
<504>1-2 
Reordered 
Magnetite(Fe20 3 ) Dehydration 
+ Anhydrite(CaS04 Oxidation 
Hauyne + Hematite Reordered 
(Fe2o3 )+ Magnetite Oxidation 
(Fe30 4 )+ Anhydrite 
(CaS04 )+ Gehlenite 
(Ca2AI 2Si07 ) 
Quartz(Si02 ) Dehydration 
+ Anhydrite(CaS04 ) Oxidation 
+ Hematite(Fe2o3 ) 
Quartz(SiOz) Reordered 
+ Anhydrite(CaS04) Oxidation 
+ Hauyne + Hemat1te 
(Fe2o3 ) + Magnetite 
(Fe3o4 ) 
(Falcone and Schobert, 1986) 
21 
22 
The agglomeration of mineral matter in coal has been 
studied by several investigators (Paulson and Ramsden, 1970; 
Ramsden, 1969; Lightman and Street, 1968; Street et al., 
1969). As a coal particle burns, the combustion front 
approaches and passes the fused ash droplet, the ash 
particle may separate or continue to attach to the shrinking 
carbon. Whether the ash particles will detach from the 
surface of the char particle or not depends upon the balance 
between the gravitational force and the surface tension. 
When the carbon is completely consumed all the droplets 
coalesce into a single droplet. This ash droplet will 
eventually solidify. This mechanism is for complete 
agglomeration of all mineral particles within a coal 
particle which would give one ash particle per coal 
particle. Figure 2 (Pedia, 1976,c) demonstrates this 
mechanism. 
Actually, fragmentation of a coal particle may take 
place during combustion. Therefore, agglomeration of 
mineral particles will only partially occur, and the number 
of ash particles per coal particle is determined by the 
fragmentation of the coal particles. Sarofim et al. (1977) 
reported that from the size distribution of the particles 
and their mean density, it is estimated that about 3 ash 
particles per coal particle are formed for the lignite and 5 
ash particles per coal particle are formed for bituminous 
coal. 
As a coal particle is heated in an oxidizing 
• •• 
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environment, the mineral matter proceeds fusion, 
agglomeration, and fragmentation. As the temperature rises 
further, ash heating, melting and vaporization proceed 
simultaneously. For an magnetohydrodynamic (MHD) combustor 
with small residence time (50 ms) and high temperatures 
(2700 K), complete vaporization of Si02 is possible and 
other metal oxides, such as Al 2o3 , MgO, CaO, would vaporize 
partially. Therefore, estimation of the amounts and the 
composition of vaporized ash is very important in predicting 
the slag formation. 
Another phenomenon 1n physical transformations is 
formation of cenosphere. Cenospheres are caused by the 
internal evolution of gases which can result in expansion, 
and formation of large hollow ash particles. The formation 
and size of cenospheres are controlled by the viscosity and 
surface tension of the fused ash, the rate of gas evolution, 
and the rate of diffusion of gas through the melt. A 
theoretical study was performed by Sarofim et al. (1977). 
They concluded that below 727 °c cenospheres would not be 
formed because residence times are too small. Above 1327 
0c, the cenospheres have ample time to form and consequently 
collapse. An optimum temperature of cenosphere formation is 
between 927 °c and 1127 °c. 
Lauf (1981) reported ashes with high amounts of Fe2o3 
(above 20 percent) do not produce significant amounts of 
cenospheres. This may be because the iron-rich ashes have a 
low viscosity and the gas evolution is too rapid for the 
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formation of stable cenospheres. 
Raask (1985,d) mentioned the longer the residence time 
the higher the formation of cenospheres. Therefore, the 
amount of cenospheres formed in small size pulverized-coal-
fired boilers are higher than those produced by a large size 
pulverized-coal-fired boilers. 
Ash Deposits Formation Mechanism 
The principles of ash deposition in coal fired boilers 
are similar to those in gas turbines which have been 
reviewed by Garner and Seapan (1984). However, the presence 
of high concentrations of low volatile minerals in coal 
fired boilers makes the analysis of the problem more 
complicated than that in gas turbines. 
After leaving the combustion zone, the vaporized 
minerals condense on the boiler tubes. Figure 3 shows this 
transformation (Brown, 1966). From this simple picture it 
can be observed that the important parameters in the 
formation of ash deposits are residence time, temperature, 
and pressure history and the composition and type of the 
minerals. The time and temperature history are kinetic 
factors and can be determined from the configuration and 
operation of the combustion reactor. While the pressure 
history is a thermodynamic factor and can be approached from 
the vapor pressure of the mineral species. Based on this 
picture, by maintaining the temperature above the 
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Figure 3. Mechanism of Deposition 




phase deposition. Therefore, flue gas temperatures are 
usually kept above 1100 ° C before reaching the superheater 
tubes. 
In parallel to the condensation of mineral vapors, the 
residual combustion particles and fly ash particles also 
deposit on the boiler tubes. The formation mechanism of an 
ash deposit on heat transfer surfaces in pulverized coal 
fired boilers can be explained by the following sequence: 
1. Fly ash formation and transpiration towards the heat 
transfer tubes; 
2. Initial adhension of ash particles onto the heat 
transfer tubes and further deposit build up (the sticking 
process); 
3. Interactions between the deposited ash particles 
form a strong deposit (the sintering process). 
In the first stage, the transport of ash particles from 
the high temperature flue gas to the boiler tubes takes 
place by initial impaction or diffusion. This mechanism 
depends on the size and mass of ash particles, velocity of 
the particles and temperature of the heating surfaces 
(France et al., 1984). During impaction, particles above 10 
micrometers in diameter in the convetoinal boilers have 
kinetic energy high enough to be dispersed, resulting in 
their rebound into the flue gas (Raask, 1986, e). Vapor 
diffusion and condensation occur when the surface 
temperature is cool enough to produce a local saturation of 
vapors. In general, the vapor diffusion and condensation 
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processes are more likely to form "sticky" surfaces than the 
inertial impaction of particles, since the condensates are 
probably liquid. 
In the second stage, deposits form because retention 
occurs on surface contact. This retention depends on three 
factors: the inherent surface roughness of the tube, the 
electrostatic attraction between the fly ash and the tube 
surface, and the presence of sticking compounds on the tube 
surface. The first two factors allow less fusible fly ash 
to remain in close contact on the tube surface for 
sufficient time to form ash deposits with other condensed 
compounds. The sticky process is due to vapors that condense 
on the tubes to form a sticking coating which then collects 
less fusible fly ash particles. Austin et al. (1985) 
developed an apparatus to study the sticking or adhesion 
behavior of slag. Three points were stressed: 
1. higher substrate temperature results in stronger 
adhesion, 
2. higher flue gas temperature causes more particles to 
stick, 
3. ash particles with higher melting points are more 
likely to form supercooled glasses. 
The third stage is the sintering process. The alkali 
metals dissolved in flame-heated silicate-ash particles have 
a low vapor pressure, but they can significantly reduce the 
viscosity and increase the rate of sintering (Boow, 1972). 
Therefore, sintering by viscous flow is a dominant role in 
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the formation of deposits in coal fired boilers. In most 
coal deposits, the volatile sodium plays an important role 
in initiating the sintering but the subsequent deposit 
formation depends largely on the presence of calcium and 
iron oxides. The rate of sintering is proportional to the 
surface tension of the glassy phase and inversely 
proportional to the particle size and the viscosity. Rapid 
sintering occurs from 1127°C to 1277°C (Raask, 1985,f). 
This is due to the presence of a liquid phase or molten 
layer on the surface of ash particles. 
Figure 4 shows a simple and typical structure of 
deposits formed from burning coal (Sondreal et al., 1977). 
Other graphical demonstrations concerning the deposit 
formation mechanisms can be found in France et al. (1984), 
Quann and Sarofim (1982) and Flagan (1977). 
Viscosity is an important rate-controlling parameter 
which determines the rates of coalescence to form the boiler 
deposits. The viscosity-temperature relationship of an ash 
is often used to predict the fluidity of the coal ash 
deposition. The temperature of critical viscosity (Tcv> is 
the temperature at which the viscosity properties of the 
molten slag change from a Newtonian fluid to a Bingham 
fluid. This is also denoted as the temperature at which 
solid phases start to crystallize from their melting states. 
A combination of temperature required for a given viscosity 
and Tcv can be used to estimate the extent of slag build up 
on the water wall tubes in a fire box. 
Direction of gas flow 
~ ~ 
~ 
Outer sinter layer 
Inner sinter layer 
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rich in Na2S04 
(Sondreal et al., 1977) 
Figure 4. Typical St~ucture of Deposits 




MODELING OF ASH DEPOSITION 
The pulverized-coal-fired boilers are the principal 
generating units for converting coal to electricity. The 
growing capacity of these boiler units has made it vitally 
important to rapidly estimate the fuel properties and to 
decide the operating strategies. As mentioned earlier, the 
high temperature data are hard to find and expensive to 
obtain, therefore, a model can be a valuable means in order 
to quickly and quantitatively provide the operating 
strategies. 
In chapter II a comprehensive discussion of the 
mechanisms involved in the formation of ash deposits on the 
boiler tubes of coal fired boilers was presented. 
Development of a model considering all mechanisms will be 
very involved. The two classes of mechanisms responsible 
for conveying mineral matter to the tube surfaces are 
condensation of mineral vapors and deposition of particles. 
The mass transport of mineral vapors and their condensation 
on the boiler tubes may form a sticky coating which can 
facilitate the collection of particles from combustion 
gases. Meanwhile the mineral vapors can condense in the gas 
phase to form suspended particles which can deposit on the 
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boiler walls by different mechanisms. Condensation of 
vapors 1s considered as the major slagging mechanism. 
Therefore in this project, as a first step in simulating 
mineral matter depositions on boiler walls, only 
condensation will be considered. For condensation of 
vapors, the most important parameter is the temperature 
distribution in the boiler. There are many important 
parameters that can influence the temperature distribution 
in a boiler, for example, fuel composition, furnace 
geometry, combustion conditions, excess air, and ash 
content. To simplify this case, a typical temperature 
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profile was chosen. Since different coals release different 
amounts of energy, their temperature profiles are estimated 
by modifying the typical temperature profile using the 
adiabatic flame temperature of the coal of interest. Since 
the mineralogies of the raw coals do not vary too much, 
after the combustion process the mineral matters will tend 
to form similar stable compounds. These compounds will then 
form deposits based on their vapor pressures. To determine 
the distribution of the deposition, a multicell, lumped 
parameter approach is used. 
number of well-mixed cells. 
The combustor is divided into a 
Each cell is assumed to be 
uniform in its properties and has only one constant 
temperature. The vapor distribution of the stable compound 
can be determined from its vapor pressure within each cell. 
If deposition occurs only by condensation, the distribution 
of the solid deposit and the residual vapor in each cell can 
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be determined by a mass balance. Figure 5 shows a schematic 
diagram of this model which divides a boiler into N equal 
stages with each stage being 10 feet in height. In each 
stage, the mineral matter vapors from the lower stage 
condense partially, and form deposits on the wall while the 
rest of the vapor continues to move upward to the next 
stage. The maJor assumptions of this model are as follows: 
1. Mineral matter deposition occurs only by 
condensation of the stable minerals on the boiler tubes. 
2. The boiler is at steady state. 
3. The combustor is perfectly mixed and the pulverized 
coal burns immediately in the boiler. 
4. The wall temperature at any location is assumed to 
remain constant and not change with accumulation of slag on 
the wall. 
5. The vapor phase of the mineral compound follows the 
ideal gas law. 
The conceptual model will include the following steps: 
1. Calculation of the coal flame temperature. 
2. Qualitative and quantitative determination of the 
possible deposits. 
3. Estimation of the temperature profile to account for 
the operating conditions. 
4. Suitable vapor pressure equations to account for the 
vapor behavior of the ash deposits. 
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Adiabatic Flame Temperature 
The adiabatic flame temperature is the maximum 
theoretical temperature which can be reached by the products 
of combustion of a specific fuel with air assuming no loss 
of heat to the surrounding and no change of kinetic or 
potential energy until combustion is completed. This is the 
maximum temperature that can be achieved for a given fuel 
because any incomplete combustion would tend to lower the 
temperature of the products. The heat of combustion of the 
fuel is the major factor in the flame temperature, but 
changing the temperature of the air or the fuel will also 
change the flame temperature. 
To calculate this temperature, the following 
assumptions are made: 
. There is no conversion of thermal energy to other 
forms of energy. 
The system is at a constant pressure of 1 atm. 
The reference temperature is 25°C. 
Instantaneous and perfect mixing of fuel. 
In this calculation the input information comes mostly 
from the regular coal analysis which includes the following: 
1. The ultimate analysis of the coal (C, H, 0, N, S) 
expressed in wt%. 
2. The proximate analysis of the coal {fixed carbon, 
volatile matter) expressed in wt%. 
3. The heat of combustion of the fuel expressed in 
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Btu/lb - This value can be replaced by the high heating 
value (HHV) which is often reported in laboratory reports. 
4. The excess air for combustion which is expressed in 
percent of theoretical air - For a pulverized-coal-fired 
system, excess air is usually between 15-30 percent. 
5. Absolute humidity of air or water content per lb of dry 
a1r expressed in (lbs H2o per lb air) -This value is 
normally determined from the psychrometric charts. 
6. The inlet air temperature expressed in °c. 
7. The inlet coal temperature expressed in °c. 
8. The unburned combustible matter - There are two 
possible sources of such unburned material. The first and 
most important is the one due to the carbon which is trapped 
in the ash, usually expressed in wt% of ash (5-15%). The 
second source of unburned combustible is the incomplete 
combustion of the carbon in the fuel expressed in % carbon 
converted into CO. 
Boiler Ash 
The main difference between the ashing condition in the 
laboratory muffle furnace and that in the boiler plant is 
the coal combustion condition. The boiler ash usually 
reacts rapidly, therefore some unburned carbon remains 
trapped in the boiler ash. For low-volatile anthracite 
coals, the unburned carbon content may reach 15 percent 
(Raask 1985, g). Thus, the boiler ash is the laboratory-
measured ash (ASTM ash) plus unburned carbon within the ash. 
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In this computer program this is denoted as 
ASH = ASHLAB + ASHC. 
Enthalpy Changes Qf the Inlet ~ ~ 
The enthalpy changes of the inlet coal are taken as the 
summation of the enthalpy changes of the individual 
components: carbon, volatile matter, inlet ash and moisture 
of the coal. 
HCOAL = HFC + HVM + HASHI + HH 20C. 
These enthalpies can be calculated as 
where ni = moles of the i-th component in the feed or 
product. 
Cpi = heat capacity of the i-th component in the 
feed or product. 
The instantaneous heat capacities as functions of 
temperature are listed as follows: (DOE, 1978) 
Fixed carbon: 
Ash: -5 CASH= 0.182 + (7.78*10 )T. 
Volatile matter: 
CyM = 0.4128 + 4.389*10-4T. 
where heat capacities are in cal/g°K and T is in °K. 
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Enthalpy Changes Qf Inlet ~ 
The enthalpy changes of the inlet air are taken as the 
summation of the enthalpy changes of inlet oxygen, inlet 
nitrogen and the humidity of the inlet air. The gas heat 
capacities are shown as follows:(Reid, et al.,1977) 
Oxygen: 
Nitrogen: 
C 7 4 0 3 -2 -6 2 -9 3 PN2 = . 4-. 24*10 T+6.4*10 T -2.79*10 T. 
where heat capacities are in cal;g°K and T is ~n °K. 
The moles of inlet oxygen are the oxygen required 
during the combustion plus the amount of excess oxygen. 
This is expressed as: 
02R = 02TH*(l+P/100.0) 
where P is the percentage of the excess air and 
02TH is the theoretical oxygen demand. 
From the material balance on the combustion, the theoretical 
oxygen is calculated from the summation of the oxygen 
needed for the following reactions: 
C + 0 2 ----~ C02 
2H + l/2 0 2 ----~ H20 
S + o 2 ----~ SOz 
The moles of inlet nitrogen are the moles of inlet 
oxygen times nitrogen to air ratio(79/21). This is 
expressed as: 
NR = 02R(79/21} 
The moles of water are calculated from the mole 
fraction of as water in the humid air (W) and is expressed 
as: 
H200 = (W * DAIR)/(1.0-W} 
where DAIR = 02R+NR. 
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Thus, the enthalpy changes of the inlet air (HAIR) are 
calculated. 
~ ~ Q! Combustion ~ Energy 
Release Qf ~ QQal 
The heat of combustion is the amount of heat generated 
by the complete combustion of a unit weight of coal. As 
long as the fuel is the same and the combustion is complete, 
the heat of combustion is a constant. This value is usually 
determined by direct measurement in a calorimeter of the 
heat evolved during combustion. This value may also be 
estimated by Dulong's formula. 
Btu/lb = 14544C+62028{Hz-Oz/8)+4050S 
In coal laboratory reports, the heating value is 
40 
usually reported. The heating value of a coal is the 
negative of the standard heat of combustion (25 °c). The 
higher heating value (HHV) is used to describe the heating 
value, when the water in the combustion product is 
considered as liquid and the lower heating value (LHV) is 
when water is a vapor in the product. In the United States 
usually the higher heating value is used in combustion 
calculations, while in Europe the lower heating value is 
normally used. In this case, since only water vapor is 
involved, the higher heating value from the laboratory 
report should be converted to the lower heating value. 
LHV = HHV-9WHhfg (Btu/lb) 
where LHV is the lower heating value of the fuel, 
HHV is the higher heating value of the fuel, 
hfg is the heat of vaporization of water at 25°c, 
WH is the hydrogen content of coal. 
The actual energy released in the furnace above 
standard state and available for absorption in the furnace 
is equal to the lower heating value of the fuel minus the 
energy equivalent of the unburned fuel. This is calculated 
by: 
ER = LHVT-HHV*0.0022*252*ASHC, (cal) 
where ER is total energy released from coal, cal, 
LHVT is the total lower heating value, cal, 
HHV is the higher heating value, Btu/lb, 
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ASHC is the unburned carbon content, g, 
0.0022 is the conversion factor to convert lb into g, 
252 is the conversion factor for Btu into cal. 
Enthalpy Changes Q! ~ Products 
The products of the combustion consist of the flue 
gases and the ash products. The flue gases are H20, C02 , 
CO, so2 , N2 and 0 2 . From each stoichiometric equation, the 
moles of the flue gases can be determined. Again, by 
utilizing the specific heat capacity of each component, the 
enthalpy changes of the flue gases and the ash can be 
determined as a function of the flame temperature. The heat 
capacities of flue gases are listed as follows: (Reid et 
al.,1977) 
Oxygen: 
6 7 -6T -6 2 -9 3 Cp02 = . 13-0.879*10 +4.17*10 T -2.544*10 T. 
Nitrogen: 
CO: 
Cpco2 = 4.728-1.754*10-2T-1.338*10-5 T2 +4.097*10-9T3 
so2 : 
Cpso2 = 5.697-1.6*10-2T-1. 185*10-5 T2 +3. 172*10-9T3 
where heat capacities are in cal;g°K and T is in K. 
Energy Balance Within fQr 
Adiabatic Combustion 
If the control volume is taken as the fired ball and 
steady state is assumed within the combustor, then the 
energy balance within this adiabatic reactor can be 
performed. 
Rate of thermal 
energy in 
rate of thermal + rates of thermal = 0 
energy out energy produced 
6Hin - 6Hout + Qcombustion = 0 
where 6Hin = enthalpy changes of the fuel and air input, 
6Hout =enthalpy changes of the products, 
Qcombustion = energy released from the fuel. 
Since the heat capacity equations of the gaseous 
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components are higher than second order, the energy balance 
equation which is a function of the adiabatic flame 
temperature(Tad) becomes a fourth order equation. This 
equation is solved by Newton-Raphson method. The algorithm 
is as follow: 
1. Set an initial value for Tad· 
2. Insert Tad into energy balance equation and obtain a 
value (HAD). 
3. Differentiate the energy balance equation and 
substitute with Tad and obtain a value for this 
differentiated equation (HADD). 
4. Set Tnew = Tad - HAD/HADD. 
5. If :Tnew - Tad: < tolerance, then procedure is 
completed successfully, otherwise set Tad = Tnew and 
proceed to step 2. 
Qualitative and Quantitative 
Determination of Deposits 
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From the mineral matter analyses, there are 10 elements 
(Fe, Ca, Mg, Na, K, Si, Al, Ti, S, P) which should be 
considered. For some European coals, Cl is also needed to 
be taken into consideration. During combustion, a range of 
mineral compounds are formed which may create deposits. 
These elements usually appear as oxides. However a suitable 
criterion must be selected to determine the extent of 
formation of each compound. Wibberley and Wall (1982) 
reported that the alkali deposits formed on the fly ash in 
large pulverized-coal-fired boilers are determined by 
thermodynamics rather than kinetic constraints. Other 
thermodynamic calculations have been used by Halstead and 
Raask {1969) and Smith et al. (1985) to predict the behavior 
of ash species during both pulverized-coal combustion and 
deposit formation. Still, application of their results to 
the highly complex systems present in many boilers remains 
uncertain. 
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Determination of the major species of deposits formed 
from different elements present in the coal is considered 
here. Figure 6 summarizes the phase transformations which 
pure mineral matter commonly found in coals undergoes during 
heating (Bryer,1984). Also, Lewis(1978) reported the major 
crystalline mineral phases found in the pulverized coal 
combustion products are mullite (Al 6Si 2o13 ), lime (CaO), 
magnetite {Fe3o4 ), hematite (Fe2o3 >, quartz (Si02 > and 
anhydrite (CaS04). 
Wibberley and Wall(1982) showed that alkalis and/or 
sulfur are most commonly associated with severe fouling. 
The relative order of stability of sodium compounds for the 
range of 1027 - 1727 °c is as follows: 
Through thermodynamic calculations they suggest that sodium 
sulfate is also stable and at equilibrium will account for 
the total sodium content of the coal, providing sufficient 
sulfur is present. Anhydrite {CaS04 ) is also expected to be 
formed in the boiler, especially in the temperature range of 
850- 1000 °c (Drummond et al., 1977). 
Thus, based on these studies, the major compounds 
possible in deposits are mullite {Al6Si 2o13 ), quartz (Si02 ), 
aluminum oxide {Al 20 3 ), anhydrite (CaS04 ), sodium sulfate 
(Na2S04 ) and hematite (Fe2o3 ). The amounts of these species 
can be quantified through the evaluation of their 
equilibrium constants. 
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Figure 6. Phase Transformatin of Mineral Matters 
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Evaluation Qf ~ Equilibrium Constants 
The Gibbs energy of any substance is the maximum 
portion of its energy which can be converted into mechanical 
work under a given condition. If a reaction takes place a 
change in the Gibbs energy of the system will also occur. 
This change is equal to the net reversible work done by or 
absorbed during the reaction. The Gibbs energy can be given 
by the relationship 
6G = -RTlnKp + RT nlnP 
where n = the number of moles in the reaction, 
P = reaction pressure, 
Kp= equilibrium constant of the reaction, 
If the pressure is 1 atm, then the term RT nlnP = 0, 
therefore, 
6G0 = -RTlnKp. 
where6G0 =standard Gibbs energy change of a reaction. 
If mineral species are assumed to reach equilibrium, 
then the variation of equilibrium constants with temperature 
can determine the more stable mineral species. With an 
increase in equilibrium constant, the standard Gibbs energy 
change of the reaction becomes more negative, thus the 
reaction is more likely to occur and the product of this 
reaction will be more stable. Thus, for an element, 
considering the usually occurring chemical reactions at a 
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given temperature, the reaction with higher Kp value will 
have a more stable product than the one with lower Kp value. 
In determining the major species present under different 
conditions, the reactions have been chosen as 
comprehensively as possible by including as many species as 
possible and by carrying out the calculations over a wide 
range of temperatures and stoichiometries. 
For Al and Si elements, the possible combinations of 
coal deposits are Al 2o3 , Al 2Si05 , 3Al 2o3 2Si02 and Si02 . 
Table VII (Stull and Prophet, 1971) shows the relations 
between the temperature and the equilibrium constant (Kp) of 
these compounds in the following reactions: 
2Al + 302 ----7 Al 2o3 
Al 2o3 + SiOz ----~ AlzSi05 
3Al 2o3 + 2Si02 ----~ Al 6Si2o13 
Si + 0 2 ----7 SiOz 
From this table, it is observed that the Al 6Si 2o13 
formation reaction possesses a higher equilibrium constant 
than the other reactions, thus it can be formed easily in 
the deposits. Furthermore, the equilibrium constant of 
Al6si2o13 is much larger than that of Al 2Si05 , to simplify 
the case, one may assume that Al 2Si05 does not appear in 
deposits and mullite (Al6Si2o13 ) is the only aluminosilicate 
formed, as long as there is excess of both Si and Al. Once, 
TABLE VII 
EQUILIBRIUM CONSTANTS AND TEMPERATURES FOR 
SOME COMMON REACTIONS OF Al, Si COMPOUNDS 
-----------------------------------------------------
0 M.P. ( C) 
Al~03 






Temp(°K) log(Kp) log(Kp) log{Kp) log(Kp) 
-----------------------------------------------------
298 277.13 1128.60 428.18 150.00 
500 158.61 646.17 244.64 85.62 
600 129.44 527.43 199.47 69.77 
700 108.62 442.65 167.23 58.46 
800 93.01 379.11 143.06 49.99 
900 80.88 329.72 124.27 43.41 
1000 71.09 289.98 109.17 38. 15 
1100 63.06 257.40 96.79 33.85 
1200 56.40 230.23 86.48 30.28 
1300 50.70 207.28 77.77 27.25 
1400 45.90 187.62 70.30 24.66 
1500 41.70 170.59 63.84 22.42 
1600 38.00 155.70 58.20 20.46 
1700 34.80 142.55 53.21 18.72 
1800 32.00 130.73 48.70 17.10 
1900 29.4 120.15 44.68 15.65 
2000 27.0 110.65 41.06 14.35 
2100 25.0 102.06 37.79 
2200 23.0 94.26 34.83 
2300 21.4 87.14 32.12 
2400 19.8 80.62 29.65 
2500 18.3 74.63 27.38 
2600 17.0 69.11 25.28 
2700 15.8 64.00 23.35 
2800 14.4 58.88 21.42 
2900 12.9 53.35 19.39 
3000 11.6 48.20 17.49 
-----------------------------------------------------
(Stull a.nd Prophet, 1971) 
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one of these elements is completely consumed the excess of 
the other element, Si or Al may be assigned to Si02 or 
Al 2o3 , as the case may be. 
Despite the fact that sodium is a minor constituent in 
the ash, it has been generally found that the alkali layer 
of ash deposit is rich in the volatile elements: sodium and 
sulfur. Table VIII (Stull and Prophet, 1971) lists various 
equilibrium constants at different temperatures for the 
following equations: 
Na2co3 + Si02 ----~ Na2Si03 +C02 
2Na + Hg2so4 ----~ 2Hg + Na2so4 
2NaOH ----~ Na2o + H20 
Na2o + C02 ----7 Na2co3 
Since Si has already been assigned as mullite and 
quartz, there is no excess Si to form Na2Si03 . As for 
Na2co3 and Na2so4 , Na2so4 is more stable than Na2co3 . Thus 
Na2so4 is chosen as the possible deposit. For coal with 
significant amounts of Cl, NaCl is the first compound to be 
considered (Drummomd et al., 1977). From the above 
discussion, it is concluded that NaCl and Na2so4 are the 
stable compounds present in the ash deposits. 
In dealing with Ca, equilibrium constants can not be 
found in literatute, however, standard Gibbs energy can be 
applied. 
TABLE VIII 
EQUILIBRIUM CONSTANTS AND TEMPERATURES FOR 
SOME COMMON REACTIONS OF Na COMPOUNDS 
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-----------------------------------------------------










Temp(°K) log(Kp) log(Kp) log(Kp) log(Kp) 
-----------------------------------------------------
298 66.42 183.62 257.00 221.75 
500 36.65 103.48 257.08 123.92 
600 29.29 83.75 119.15 99.80 
700 24.04 69.70 99.69 82.59 
800 20. 12 59.21 85. 11 70.05 
900 17.08 51.08 73.79 59.66 
1000 14.66 44.59 64.76 51.38 
1100 12.69 39.30 57.38 38.87 
1200 10.90 34.75 51.07 44.63 
1300 8.90 30.42 45.25 33.50 
1400 7.22 26.73 40.27 28.93 
1500 5.76 23.55 35.97 24.99 
1600 20.80 32.22 21.57 
1700 18.38 28.91 18.57 
1800 16.25 25.91 15.91 
1900 14.36 23.24 13.55 






(Stull and Prophet, 1971) 
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CaS04 : Ca + S + 202 ----~ Caso4 
~GO= -33640+15.91TlogT-5.94*l0-3T2-1.093*105 T- 1+46.02 
(Kelley, 1937) 
CaC03 : CaO + C02 ----~ CaC03 
6G0 = -40250+34.4T (Kubaschewski and Alcock, 1981). 
CaO: Ca + 1/2 0 2 ----~ CaO 
~G0 = -151325+23.66T (Kubaschewski and Alcock, 1981). 
~G0 can be read directly from Kelley(1943). From these 
standard Gibbs energies, equilibrium constants are 
calculated at different temperatures and are tabulated in 
Table IX. The relative stability of calcium compounds can 
be summarized in the following order: Ca3 (P04 ) 2 > Caso4 > 
CaO > Caco3 . Therefore, Ca was assigned to Ca3(P04) 2 , Caso4 
and CaO in this project. 
Thus by considering the stable compounds of sodium and 
calcium all the possible sulfate and phosphate compounds are 
determined, therefore the other elements can be considered 
mainly as oxides. Table X (Stull and Prophet, 1971) shows 
the equilibrium constants of Fe, Mg and Ti compounds at 
different temperatures under the following reactions: 
Mg + 1/2 Oz ----~ MgO 
TABLE IX 
EQUILIBRIUM CONSTANTS AND TEMPERATURES FOR 
SOME COMMON REACTIONS OF Ca COMPOUNDS 
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Ti + 0 2 ----7 Ti02 
2Ti02 ----~ Ti 2o3 + 1/2 o2 
Under identical conditions, the equilibrium constant of 
Fe3o4 is higher than that of Fe2o3 . However, Rassk (1986,h) 
shows that in an oxidizing atmosphere, iorn oxide can exist 
both as mangetite (Fe3o4 ) and hematite (Fe3o4 ). Therefore, 
in this project, the iorn is assumed to be divided into 
equal moles of Fe2o3 and Fe3o4 . Similarly, the equilibrium 
constants show that Ti 2o3 is more stable than Ti02 , but in 
most literature sources it is reported that Ti exists as 
rutile (Ti02 ). Therefore in this project, the element Ti is 
equally assigned as Ti02 and Ti203. 
The equilibrium constants of formation of potassium 
compounds are shown in Table XI (Stull and Prophet, 1971). 
From this table, K2co3 can be selected as the stable 
compound during the formation of ash deposits. 
In summary, both from previous literature surveys and 
from equilibrium constants studies, the major ash deposits 
are specified as Al 6Si 2o13 , Al 2o3 , Si02 , NaCl, Na2so4 , 
Ca3 (P04 ) 2 , CaS04 , CaO, Fe2o3 , Fe3o4 , Ti02 , Ti 20 3 , 
MgO, and K2co3 . 
Temperature Profile of a Boiler 
In order to determine the formation environment of the 
ash deposits in a pulverized-coal-boiler, a suitable 
temperature profile of the boiler is needed. In the past, 
TABLE XI 
EQUILIBRIUM CONSTANTS AND TEMPERATURES FOR 
SOME COMMON REACTIONS OF K COMPOUNDS 
O KCl K2co3 K20 
M.P. ( C) 771 901 881 
--------------------------------------------------
T (°K) log(Kp) log(Kp) log{Kp) 
298 71.6 186.5 56.4 
500 40.6 105.0 30.6 
600 33.0 84.9 24.2 
700 27.6 70.6 19.7 
800 23.5 59.9 16.4 
900 20.4 51.6 13.8 
1000 17.8 45.0 11. 7 
1100 15.6 39.2 9.7 
1200 13.6 34.1 7.7 
1300 11.9 29.9 6.0 
1400 10.5 26.3 4.6 
1500 9.2 23.1 3.4 
1600 20.4 2.4 
1700 18.1 1.5 
1800 16.0 0.7 
1900 14.2 0.3 
2000 12.5 0.0 
(Stull and Prophet, 1971) 
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comprehensive modeling of a pulverized-coal-boiler has been 
restricted by the lack of computer speed and by technical 
difficulties in describing essential model elements. 
Recently, modeling of complex coal furnaces has become of 
great interest to many investigators. A classification of 
models developed for coal flames in a boiler is summarized 
in Table XII (Smoot and Smith, 1985). Complete modeling of 
pulverized-coal combustor must account for all of these 
aspects. However, for this specific application, to 
consider all of these aspects will be complex and tedious, 
therefore, a simple and approximate method is developed to 
account for the temperature distributuin in the boiler. In 
this work, a typical temperature profile in a utility boiler 
is utilized to serve as a default temperature profile which 
is shown in Figure 7 (Howard, 1965}. In this figure, the 
radiative section and the convective section are the main 
concern. If the combustion gas velocity in the boiler 
chamber is chosen to be 60 ft/sec (Singer, 1981), then the 
relations between temperature and residence time can be 
converted into the relations between temperature and the 
height of a boiler. 
In order to properly apply this temperature profile in 
the computer model, it is necessary to convert this figure 
into equations. Simple linear regression is chosen to fit 
this figure and two equations are obtained to represent the 
temperature distributions of the radiative and convective 
sections. 
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Since the calculated flame temperature of coal is 
different from the peak temperature shown in this figure, a 
ratio between these two temperatures is introduced to 
normalize the temperature distribution equations. 
Another option to determine the temperature profile is 
to use the in temperatures at different locations in the 
boiler which can be measured by a pyrometer, as input data 
to the computer program. Following regression method, the 
temperature profile equations can be found. 
Vapor Pressure of Mineral Species 
When the determined mineral species are heated at flame 
temperature, they tend to partially vaporize. The system 
pressure can be calculated from Dalton's Law: 
PTotal = PFlue gas + PMineral Vapor· 
Since partial pressure of the mineral species is 
determined by their vapor pressure, the vapor pressure 
equations are needed to calculate these partial pressures. 
After that, the mineral species in the vapor phase can be 
determined by the ideal gas law. 
Some high temperature vapor pressure data of inorganic 
substances can be found in Kelly(1935), Stull(1947) and 
Kubaschewski(1979). Some vapor pressure equations found in 
the literatures are listed here. 
Al 2o3 : melting point 2042 °c (Samonov, 1982) 
logPPas = 13.42-27320.0/T (range 2327 - 2627 Oc) 
Fe3o4 : melting point 1597 °c (Samonov, 1982) 
logPPas = 14.24-22780.0/T 
CaO: melting point 2572°C {Samonov,1982) 
logPPas = 12.85-28020.0/T (range 727 - 2587 °c) 
Ti02 : melting point 1870 °c (Samonov, 1982) 
logPPas = 14.37-30060.0/T 
Ti 2o3 : melting point 1839 °c (Samonov, 1982) 
logPPas = 31.68-64700.0/T-1.26*10-3T {range 1698 - 1878°C) 
MgO: melting point 2825°C (Samonov, 1982} 
logPPas = 12.37-26100.0/T 
Na2so4 : melting point 884°C {Lovering, 1983) 
logPatm = 5.37-1.27*10-4/T (range 1069 -1395°C) 
NaCl: melting point 801°C {Janz, 1967) 
logPmmHg = -11495/T-3.526logT+20.929 
melting point 1423°C (Weast et al., 1987} 
logPmmHg = 13.43-26428.38/T 
melting point 901°c {Stern and Weise, 1969) 
lagPatm = 5.39-12700.0/T {range 764 - 911 Oc) 
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However, the vapor pressure data for Al6Si 2o13 , CaS04 , 
Ca3 (P04 ) 2 and Fe2o3 could not be found in the literature. 
Therefore an estimation technique has to be used to obtain 
the vapor pressures of these compounds. 
Estimation ~ Vapor Pressure 
The Clausius - Clapeyron equation is the fundamental 
equation to estimate the vapor pressure of a condensed phase 
which is expressed as: 
dlnP 
where P is saturated pressure of a condensed substance(atm), 
~Hv is the heat of vaporization of a condensed 
substance (J/gmole), 
R is the gas constant, 8.314 J/gmole·K, 
Tis the temperature (K}. 
As equilibrium is maintained between the vapor phase 
and the condensed phase, P is the saturated vapor pressure 
exerted by the condensed phase at temperature T. 
obtained by the specific heat of the gas minus the specific 
heat of the condensed phase(Gaskell,1981}. If ~CP =4a+~bT­
~cT-2 , then the heat of vaporation is 6Hv = 6Ho+AaT+~bT2 /2 + 
~c/T. By integrating the Clausius-Clapeyron equation, a 
vapor pressure and temperature relationship for a particular 
substance can then be obtained. The normal boiling point, 
which is the temperature at which the vapor pressure 
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becomes equal to 1 atm. can be used as a boundary condition 
to determine the integration constant. 
This method of vapor pressure estimation requires vapor 
and solid or liquid specific heat equations and the boiling 
point of the compound. However for the ash deposit compounds 
of our interest these properties could not be found. When 
the difference in specific heat between gas and liquid or 
gas and solid is not available, it is customary to take the 
difference in specific heat between the two phases as zero 
( Ke 11 y, 19 3 5 ) . This considers the heat of vaporization as a 
constant. In the case of the four compounds of interest in 
this project, not only the heats of vaporization but also 
the boiling points are not available. Therefore another 
approach must be used to estimate the vapor pressure 
equations. 
According to Trouton's rule (Brewer,1946), the entropy 
of vaporization is approximately constant. 
where T = boiling point of the substance K, 
6Sv = the entropy of vaporization, 
6Hv = the enthalpy of vaporization. 
Kelly(1935) surveyed liquid halides and showed that 
the entropy of vaporization is about 24 cal/mol°K. 
Following this rule, if the boiling point of the desired 
compound can be obtained, and the entropy of vaporization of 
the compound can be estimated from those of similar group 
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compounds, the enthalpy of vaporization can be calculated. 
Then from Clausius-Clapeyron equation, the approximate vapor 
pressure equation can be obtained. 
The boiling points and heats of vaporization of the 
metals of interest are listed as follows: 
Al(l) ----- Al(g) 
~H = 61022 cal/gmol v 
Ca(l) ----- Ca(g) 
6H = 36577 cal/gmol v 
Fe(l) ----- Fe(g) 
boiling point = 2057 Oc 
LS = 26 cal/gmol°K 
boiling point = 1487 °c 
6S = 21 cal/gmol°K 
boiling point = 2735 °c 
.6.Hv = 84620 cal/gmol 6S = 28 cal/gmol °K 
Using these S's and assuming that the boiling points of 
oxides and salts are 727°c higher than the melting points, 
the vapor pressure equations can be developed. These 
predicted vapor pressure equations for the four compounds of 
interest are listed here. 
lnPatm = -39552.3468/T+13.08 
Tm = 1400 °c, 6Hv = 56133 cal/gmol 
lnPatm = -28247.4348/T+l0.5677 
lnPatm = -31734.7734/T+l0.5677 
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Tm = 1462 °c, 6Hv = 76580 cal/gmol 
lnPatm = -38536.8397/T+l4.0925 
The validity of this estimation technique is check by 
calculating the vapor pressure of Fe3o4 . The predicted 
vapor pressure is: 
T = 1597 °c, LH = 80360 cal/gmol m v 
lnPatm = 14.0925-40438.9974/T 
The vapor pressures calculated from this equation when 
compared with those calculated from the vapor pressure 
correlation indicate 39% and 76% error at 2000 K and 1500 K 
respectively. 
Distribution of Deposits 
Pulverized coal fired boilers usually operate at 
pressures slightly lower than atmospheric pressure. At high 
temperatures of combustion, the combustion system in the 
boiler may be assumed to follow ideal gas law. Therefore, 
using the equilibrium conversions and the estimated vapor 
pressures and assuming ideal gas the possible deposits at 
various heights can be calculated. 
Hottel and Cohen(1958) developed a zonal method to 
analyze the heat flux and temperature distribution. In this 
method the combustion reactor was divided into a number of 
volumes and each volume was assumed to be perfectly mixed. 
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Therefore at steady state, each stage was assumed to have 
uniform properties and a single temperature. Based on this 
concept, if the furnace is divided into sections with equal 
volume, then at the same height each stage will have the 
same temperature and mineral matter distribution. 
The simulation model in this project is developed 
considering that 100 grams of the pulverized coal are burned 
in a steady state combustor. The coal combustion is assumed 
to be instantaneous. Thus a combustion temperature is 
calculated for the given conditions of combustion. At this 
temperature, some of the mineral matters are vaporized or at 
least partially vaporized while the remainder falls to the 
bottom of the boiler as the bottom ash. As the flue gases 
rise, the temperature decreases. The vaporized minerals 
start to condense and attach to the water wall of the 
boiler. The volume of the flue gas can be determined by 
assuming 760 mm Hg of pressure in the combustion chamber and 
from the prevailing temperature profile. The partial 
pressures of mineral vapors are determined from the 
saturated vapor pressures of the specified compounds. 
Following the ideal gas law and starting from the highest 
temperature stage, the moles of mineral components in the 
vapor phase <Nv> can be calculated. For each inorganic 
compound, Nv is the maximum amount of the compound that can 
exist in the vapor phase. 
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where 
Pv: partial pressure of minerals in a specified zone(mm Hg), 
V volume of flue gas (lit), 
R gas constant, 62.36 mmHg 1/gmol °K, 
T temperature in a specified zone(OK). 
The next step is to compare the moles available for a 
particular mineral compound with the moles in the vapor 
If Na > Nv, there should be Nv moles in the 
vapor phase and the difference of Na and Nv is denoted as 
the moles of residual(Nn) that can condense in this stage. 
If Na < Nv, all the mineral (Na) will remain in the vapor 
phase and there will be no condensation of this compound in 
this stage. Therefore, 1n the first stage there will be Nn 
moles of residual matter formed while Nv moles of vapor may 
continue to move upward to the second stage. 
In the second stage, from temperature profile and vapor 
pressure equations, vapor and solid distribution can be 
obtained following the same method as described for the 
first stage. By repeating this procedure for every stage, 
until the end of the convective zone, distribution of the 
deposits on the boiler walls can be obtained. After 
determining the amount of each mineral species in the vapor 
and solid phases, the composition of deposit at each stage 
is calculated and presented in form of ASTM ash analysis. 
A parameter called slagging flux is also defined. This 
is the total rate of deposit build up per unit area of the 
wall in each stage. The surface area in a stage is 
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calculated from its width, length and height. The width and 
the length of a zone are specified from the dimensions of 
the boiler and the height of each zone is chosen as 10 feet. 
The overall fuel consumption rate is needed to scale up 
the results from 100 grams of coal to the actual fuel 
throughput and to obtain the actual rate of accumulation of 
deposits. From this deposition rate and the surface area, 
the slagging flux in each zone can be determined. The 
computer code which is written in FORTRAN is listed in 
Appendix A and a sample of input-output data is shown in 
Appendix B. The numerical results of the model are 
transferred into a LOTUS 123 file and the final tabular 
results and plots are prepared. These results will be 
presented and discussed in the next chapter. 
CHAPTER IV 
RESULTS 
In this study, two kinds of coals are considered. The 
analyses of two Wyoming coals, Jacobs Ranch and Clovis 
Point, are shown in Table XIII. From these coal analyses 
and the excess air as the input data, the following 
information can be obtained using the computer model 
described in the previous chapter. 
1. The composition of the flue gas in the boiler 
2. The wt % of boiler ash in the boiler 
3. The adiabatic flame temperature in combustor 
4. The distribution of vapor and ash deposition at 
various locations of the boiler 
5. The slagging flux at different locations in the 
boiler 
6. The composition of ash deposited at different 
locations in a boiler. 
In the first case, the combustion of a Jacobs Ranch 
coal with air entering at 300 K and 0 to 50 percent excess 
air is considered. Figure 8 shows the relationship between 
the adiabatic combustion temperature and the amount of 
excess air. As expected, the coal combustion temperature 
decreases with increasing percent excess air. Figure 9 
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TABLE XIII 
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shows the effect of the heating value on combustion 
temperature for the Jacobs Ranch coal with 15% excess air at 
300 K and varying higher heating values from 6000 to 12000 
Btu/lb. Again, as expected, the adiabatic flame temperature 
increase with the heating value of the coal. Figures 10 to 
22 show the distribution of each mineral in the vapor and ash 
deposits at different locations in the boiler. From these 
figures, the following results can be concluded: 
1. The more refractory oxides such as Al 2o 3 , Ti02 , 
Ti2o 3 , Si02 , CaO, and MgO will tend to condense in the lower 
part of the boiler. After accumulation and spalling 
processes, these oxides become the major sources of the 
bottom ash. 
2. In the middle parts of the boiler, mullite, Fe2o 3 
and Fe3o4 are the dominant compounds of ash deposition. 
3. At low temperature zones, Na2so4 , K2C03 , Ca3(P04)2, 
and Caso4 are the major compounds of the ash deposits. 
The ash deposit distributions for Jacobs Ranch (JR), 
Clovis Point (CR) and on a blend of 50% JR - 50% CP coals as 
input fuel are shown in Figures 23 to 27. Since the ash 
analyses of these two coals are very similar, this simple 
model does not show any great difference in the deposit 
compositions. The engineers of the Public Service Company 
of Oklahoma at the Oolagah power plant have observed that a 
50-50 blend of the two coals causes more boiler deposition 
and fouling than either of the two pure coals. Therefore, 
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considered in analyzing this problem. A possible source of 
the problem could be major changes in the viscosity of the 
slag or its stickyness with only minor variation of 
composition. 
For these two coal fuels, the solid deposition data are 
converted into the regular ash analysis form, and are shown 
in Tables XIV and XV as the wt % of oxides. The slagging 
flux at different locations are also listed in these tables. 
Figures 28 to 38 show the composition of ash deposits at 
different locations when Jacob Ranch coal is burned. These 
results can be compared with the samples removed from the 
PSO power plant in Oolagah, Oklahoma. Table XVI gives an 
analysis of a representative economizer deposit. Table XVII 
lists the analysis of a sample taken from the secondary 
superheat tubes. Table XVIII shows the analysis of slag 
removed when Clovis Point coal was burned and Table XIX 
shows the analysis of a slag removed when an unknown blend 
of Oklahoma coal and Clovis Point was burned. 
The economizer is usually located in the 800 - 1000° C 
region where deposits tend to have high sulfur content and 
significant amounts of phosphorus. In this model, the 
economizer is located between 175 - 195 ft, and the deposit 
also shows high contents of sulfur and significant amounts 
of phosphorus. This model assumes constant pressure and 
equilibrium condensation in each stage. Furthermore it does 
not consider any generation or transport of particles in 
these stages. However, in actual boilers, the draft force 
., 
TABLE XIV 
JACOBS RANCH MINERAL WT % AT VARIOUS HEIGHTS 
Height T Fe i.)S Ca as Mg as Na as K as Si as Al as Ti as P as S as 
(ft) (K) F'e 2o3 CaO MgO Na2o K20 Si02 Al 2o3 Ti02 P20s so3 
* 1958 0.00 26.83 12.60 0.00 0.00 37.27 22.76 1.54 0.00 0.00 lf, 1928 0.00 0.03 0.09 0.00 0.00 99.44 0.26 0. 18 0.00 0.00 
25 1899 0.00 0.03 0. 10 0.00 0.00 99.48 0.26 0.13 0.00 0.00 
35 1870 0.00 0.03 0.10 0.00 0.00 99.51 0.25 0. 11 0.00 0.00 
45 1840 0.00 0.03 0. 10 0.00 0.00 99.53 0.25 0.09 0.00 0.00 
55 1811 0.00 0.03 0.10 0.00 0.00 99.55 0.25 0.08 0.00 0.00 
65 1781 0.00 0.02 0.09 0.00 0.00 93.64 6.18 0.07 0.00 0.00 
75 1752 0.00 0.01 0.04 0.00 0.00 56.74 43.18 0.03 0.00 0.00 
85 1722 0.00 0.01 0.03 0.00 0.00 53.34 46.60 0.02 0.00 0.00 
95 1693 0.00 0.01 0.03 0.00 0.00 50.02 49.93 0.02 0.00 0.00 
105 1663 39.58 0.00 0.02 0.00 0.00 28.31 32.08 0.01 0.00 0.00 
115 1634 60.61 0.00 0.01 0.00 0.00 17.30 22.08 0.00 0.00 0.00 
125 1605 58.33 0.00 0.01 0.00 0.00 17.18 24.48 0.00 0.00 0.00 
135 1575 81.86 0.00 0.00 0.00 0.00 7.05 11.09 0.00 0.00 0.00 
145 1546 84.94 0.00 0.00 0.00 0.00 5.54 9.52 0.00 0.00 0.00 
155 1516 85.05 0.00 0.00 0.00 0.00 5.23 9.72 0.00 0.00 0.00 
165 1487 85. 15 0.00 0.00 0.00 0.00 4.97 9.88 0.00 0.00 0.00 
175 1337 4.99 37.86 0.00 0.00 0.00 0.27 0.59 0.00 5.18 51.12 
185 1210 0.90 22.39 0.00 0.00 43.79 0.04 0.11 0.00 1.83 30.94 
195 1083 0.09 5.37 0.00 27.27 24.21 0.00 0.01 0.00 0.33 42.70 
205 956 0.00 0.52 0.00 42. 14 2.15 0.00 0.00 0.00 0.02 55.15 
215 829 0.00 0.37 0.00 42.65 1. 36 0.00 0.00 0.00 0.01 55.60 
225 701 0.00 0.24 0.00 43.07 0.74 0.00 0.00 0.00 0.00 55.95 
Fly Ash - 0.00 0.00 0.00 99.01 0.00 0.00 0.00 0.00 0.00 0.99 
* Residual ash that falls to the bottom of the furnace 
and the slag that is formed in the first stage. 
** The rate of fly ash leaving the boiler (kg/h) 
Slagging Contribut.ion 
flux as percent of 
kg/h•m2 ash in the coal 
87.98 37.29 
22.22 9.42 
14. 14 5.99 
8.88 3.76 
5.49 2.33 
3.34 1. 42 






3.75 1. 59 
4. 15 1.76 
3.01 1.28 
1.88 0. 80 
1. 16 0.49 
22.12 9.38 
6.67 2.83 








CLOVIS PLANT MINERAL WT % AT VARIOUS HEIGHTS 
Height T Fe as Ca as Mg as Na as K as Si as Al as Ti as P as S as Slagging Contribution 
(ft) ( K) Fe 2o 3 CaO MgO Na2o K20 Si02 Al 2o 3 Ti02 P2o5 so3 flux as percent of 
kg/h·m2 ash in the coal 
* 1937 0.00 22.94 9.36 0.00 0. 00 50.71 16.03 0.97 0.00 0.00 102.56 48.51 15 1908 0.00 0.03 0.10 0.00 0.00 99.47 0.26 0.14 0.00 0.00 14.69 6.95 
25 1879 0.00 0.03 0.10 0.00 0. 00 99.51 0.26 0. 11 0.00 0.00 9.30 4.40 
35 1850 0.00 0.03 0.10 0.00 0.0099.53 0.25 0.09 0.00 0.00 5.81 2.75 
45 1820 0.00 0.03 0. 10 0.00 0.00 99.55 0.25 0.08 0.00 0.00 3.57 1. 69 
55 1791 0.00 0.03 0.10 0.00 0. 00 99.56 0.24 0.07 0.00 0.00 2.16 1. 02 
65 1762 0.00 0.01 0.05 0.00 0.0067.28 32.62 0.04 0.00 0.00 8.81 4.17 
75 1733 0.00 0.01 0.04 0.00 0. 00 54. 55 45.38 0.02 0.00 0.00 9. 84 4.65 
85 1704 0.00 0.01 0.03 0.00 0. 00 51.23 48.71 0.02 0.00 0.00 6.84 3.24 
95 1675 0.00 0.01 0.03 0.00 0. 00 48.04 51. 91 0.01 0.00 0.00 4.70 2.22 
105 1646 11.78 0.00 0.02 0.00 0.00 39.73 48.45 0.01 0.00 0.00 3.48 1. 65 
115 1617 59.28 0.00 0.01 0.00 0. 00 17.21 23.49 0.00 0.00 0.00 4. 12 1.95 
125 1587 56.83 0.00 0.01 0.00 0.0017.18 25.98 0.00 0.00 0.00 2.57 1. 22 
135 1558 65.35 0.00 0.00 0.00 0.00 13.03 21.62 0.00 0.00 0.00 1.86 0.88 
145 1529 85.01 0.00 0.00 0.00 0.00 5.35 9.64 0.00 0.00 0.00 2.10 0. 99 
155 1500 75.63 3.15 0.00 0.00 0.00 4.51 8.72 0.00 7.98 0.00 1. 70 0.80 
165 1471 40.43 14.89 0.00 0.00 0.00 2.30 4.72 0.00 37.66 0.00 2.92 1. 38 
175 1323 6.35 36.77 0.00 0.00 0.00 0.34 0.75 0.00 7.58 48.21 12.85 6.08 
185 1197 0.71 19. 13 0.00 0.00 50.07 0.03 0.08 0.00 1. 52 26.46 5.83 2.76 
195 1071 0.04 2.33 0.00 36.60 10.40 0.00 0.00 0.00 0.14 50.50 4. 41 2.09 
205 946 0.00 0.51 0.00 42.19 2.08 0.00 0.00 0.00 0.02 55.20 1.25 0.5 
215 820 0.00 0.36 0.00 42.69 1. 30 0.00 0.00 0.00 0.01 55.64 0.05~ 0.02 
225 694 0.00 0.23 0.00 43.09 0.71 0.00 0.00 0.00 0.00 55.97 3lC10-,) 1. 42x10-5 
Fly Ash - 0.00 0.00 0.00 99.03 0.01 0.00 0.00 0.00 0.00 0.97 0.014** 3.31:1(.10-5 
* Residual ash that falls to the bottom of the furnace 
anr:l the s 1 ag that is formed in the first stage. 
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Figure 28. Composition of Ash Deposits at 
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Figure 30. Composition of Ash Deposits at 
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Figure 31. Composition of Ash Deposits at 
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Figure 32. Composition of Ash Deposits at 
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Figure 33. Composition of Ash Deposits at 
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Figure 34. Composition of Ash Deposits at 
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Figure 35. Composition of Ash Deposits at 
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Figure 36. Composition of' Ash Deposits at 
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PSO ECONOMIZER DEPOSIT COMPOSITION 
Mineral analysis (Wt. %) Light Layer Dark Layer 
Iron as Fe2o3 7.0 7.0 
Calcium as CaO 21.0 20.0 
Magnesium as MgO 5.0 5.0 
Sodium as Na2o <1. 0 1.0 
Potassium as K2o <1. 0 <1.0 
Silicon as Si02 31.0 23.0 
Aluminum as Al 2o3 16.0 11.0 
Titanium as Ti02 1.0 1.0 
Phosphorus as P205 4.0 4.0 
Sulfur as so3 11.0 23.0 
Data from Calgon Corporation 
TABLE XVII 
PSO SECONDARY SUPERHEATER DEPOSIT COMPOSITION 
Source' of Deposit 
Temperature Range 
Type of Deposit 
Subdivisions 
Mineral Analysis Wt.% 
Calcium as (CaO) 
Magnesium as {MgO) 
Sodium as (Na20) 
Potassium as (K20) 
Silicon as (Si02 ) 
Aluminum as (Al 20 3 ) 
Titanium as (Ti02 ) 
Phosphorus as (P20 5 ) 
Sulfur as (S03 ) 
Secondary Superheater 









































CLOVIS POINT BURN SLAG COMPOSITION 
Mineral analysis (Wt. %) Location 1 Location 2 
Iron as Fe2o3 8.0 8.0 
Calcium as CaO 19.0 18.0 
Magnesium as MgO 5.0 6.0 
Sodium as Na2o <3.0 <3.0 
Potassium as K20 <1. 0 <1. 0 
Silicon as Si02 46.0 47.0 
Aluminum as Al 20 3 18.0 18.0 
Titanium as Ti02 2.0 2.0 
Phosphorus as P205 <1. 0 1.0 
Sulfur as S03 




CLOVIS POINT-OKLAHOMA BURN SLAG COMPOSITION 
Mineral analysis-
(Wt %) Wall Wall Bottom Glassy Crystalline 
Iron as Fe2o3 6.0 5.0 7.0 7.0 7.0 
Calcium as CaO 20.0 25.0 18.0 18.0 20.0 
Magnesium as MgO 5.0 6.0 6.0 5.0 5.0 
Sodium as Na2o 4.0 <3.0 5.0 5.0 3.0 
Potassium as K20 <4.0 <l. 0 <1.0 <1. 0 <1. 0 
Silicon as Si02 43.0 38.0 43.0 46.0 45.0 
Aluminum as Al 2o3 18.0 15.0 17.0 15.0 17.0 
Titanium as Ti02 1.0 2.0 1.0 1.0 1.0 
Phosphorus as P205 1.0 2.0 1.0 1.0 1.0 
Sulfur as so3 5.0 
Data from Calgon Corporation 
(Zecchini, 1986) 
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will transport some of the aerosols upward. These particles 
will be partly captured on the walls of the lower 
temperature zones. Therefore, in an economizer sample, 
other elements such as silicon and aluminum can also be 
found in significant amounts. 
Secondary superheat tubes are located in the 1200 -
1400° C region. In this temperature zone the model predicts 
a sulfur free deposit. The superheat tubes, presented in 
this model, are located between 95 - 165 ft high where a low 
sulfur and low phosphorus deposit is predicted which is 
similar to the plant data shown in Table XVII. 
As for higher temperature zones, the slag samples 
(Tables XVIII and XIX) tend to have high aluminum and 
silicon contents and more modest amounts of magnesium and 
calcium than in the previous two zones. This is because the 
oxides condense in this temperature zone. Similar results 
can also be demonstrated by this model. Oxides such as 
Al203, Si02 , MgO and CaO deposit at medium elevations and 
removed as bottom slag, as shown in Figures 11 to 13. 
The slagging flux predicted by this model shows a 
higher deposit accumulation rate in the lower stages of the 
boiler than in the upper levels. A high slagging flux is 
also observed in the convective zone. This may become the 
major source of fouling in the convective zone. The slag 
and fouling formed on the walls of the boiler, fall down 
under their own weight and finally are removed from the 
boiler as the bottom ash. 
CHAPTER V 
CONCLUSION 
1. A simple fire side deposits model is developed to 
predict the solid and vapor distributions inside a boiler. 
2. The mineral matter undergoes thermal decomposition, 
vaporization and recondensation. The Al, Si, Ca and Mg 
oxides tend to remain as bottom ash and form slag in the hot 
stages. The P, S, Na and K compounds are condensed mostly 
on the convective zone and become the major sources of 
fouling. In the middle temperature stages, iron oxides 
appear to be the dominant compounds of ash deposits. 
3. A higher deposit accumulation rate occurs in the lower 
stages of a boiler and constitute a major portion of the 
bottom ash. A high slagging flux is also calculated in the 
convective zone. This may cause fouling in closely spaced 
superheater or reheater tubes. 
4. The stable compounds of mineral matter can be 
assigned by evaluating their chemical equilibrium constants. 
Sulfur compounds in the coal are rapidly decomposed and in 
colder stages react with alkali metals to form Na2so4 or 
CaS04 . These compounds tend to condense in the convective 
zone of the boiler. 
5. The amount of each stable compound deposited at 
111 
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various locations can be determined from the vapor pressure 
of that compound. The vapor pressures of some compounds 
could not be found from previous literature. A simple 
estimation technique 1s developed and used. The results are 
in general agreement with actual power plant data. 
6. The adiabatic flame temperature of a coal is 
calculated using regular coal analysis and a few operational 
parameters. The heating value of a coal is a major factor 
that can change the flame temperature drastically. 
7. The formation of fireside deposits in a furnace 
depends on the composition and association of mineral matter 
liberated from the coal. Deposition of specific mineral 
species depends on their thermal behavior and the local gas 
temperature. Consequently, the composition of the deposit 




1. Mechanisms of deposit formation may include vapor 
condensation on walls, formation and growth of particles, 
particle capture and particle adhesion (Garner and Seapan, 
1984). More work needs to be done to incorporate the 
particle grow·th, capture and adhension mechanisms into the 
model. 
2. The ash deposition tendencies of the coal are 
determined by the operating conditions and time history, 
therefore more specific experiments should be performed to 
test this model. The test furnace built by Wang (1988) 
should be used to collect the experimental data. 
3. Vaporization of other species of ash should be 
studied at high temperature. 
4. More reliable thermodynamic properties of the ash 
compounds should be surveyed to give more precise 
quantitative results. 
5. The chemical composition of mineral matter is 
controlled mainly by thermodynamics, while kinetic 
information regarding ash vaporization also needs to be 
considered, especially for a short residence time furnace. 
6. The composition of fly ash and the rate of the fly 
113 
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ash leaving the boiler do not agree completely with the 
plant data. Therefore, Particles deposition is another 
factor that needs to be considered. 
7. Further modification of this model needs to be done, 
in order to explain the problem which was experienced at 
PSO's Oolagah power plant. 
BIBLIOGRAPHY 
Abbott, M. F., R. E. Conn, and L. G. Austin, "Studies on Slag 
Deposit Formation in Pulverized-Coal Combustors", ,Eycl, 
~. 827 ( 1985). 
Augustyn, D., M. Hey, and H. Marsh, "Optical and Scanning 
Electron Microscope Study of Brown Coals", ~. 55, 25 
( 1976) . 
Babcock and Wilcox Company, "Steam Its Generation and Use", 
35th edition, 12-3 ( 1975). 
Boow, J., "Sodium Ash Reactions in the Formation of Fireside 
Deposits in Pulverised-Fuel-Fired Boilers", Fuel, 
51,170 (1972). 
Brewer, L., "The Fusion and Vaporizattion Data of the 
Halide", in: The Chemistry and Metallurgy of 
Miscellaneous Materials (L. L. Quill, ed), McGraw-Hill, 
New York, 263 (1946). 
Brown, T. D., "The Deposition of Sodium Sulfatte from 
Combustion Gases", Jour. Inst. Fuel, 39, 378 (1966). 
Bryers, R. W. and 0. R. Walchuk, "The Influence of Pyrites on 
Slagging in Steam Generators", International VGB 
Conference on Slagging, Fouling and Corrosion on 
Thermal Power Plants, VGB Technical Association of 
Large Power Plant Operators, Essen, West Germany 
( 1984). 
"Coal Conversion systems technical Data Book", U.S. 
Department of Energy, Division of Coal Conversion, 
HCP/T2286-01, Washington, (1978). 
Dixon, K., E. Skipsey, and J. T. Watts, "The Distribution and 
Composition of Inorganic Matter in British Coals Part2: 
Aluminosilicate Minerals in the Coal Seam of the East 
Midlands Coalfields", Jour . .lrulh Fuel, _1]_, 124 ( 1970). 
Drummond, A. R., P. L. Boar, and R. G. Deed,"Rational 
Analysis of Fireside Deposits from Brown Coal Fired 
Boilers", in: Ash Deposits and Corrosion Due to 
Impurities in Combustion Gases (R. W. Breyer, ed), 
Hemisphere, London, 243 (1977). 
115 
116 
Falcone, S. K., and H. H. Schobert, "Mineral Transformations 
During Ashing of Selected Low-Rank Coal",in: Mineral 
Matter and Ash in Coal, American Chemical Society, 114 
(1986). 
Flagan, R. C., "Ash Particle Formation in Pulverized Coal 
Combustion", Paper No. 77-4, Spring Meeting of the 
Western States Section, Combustion Institute, Seattle, 
Washington, (1977). 
France, J. E., U. Grimm, R. J. Anderson, and J. J. 
Kovach, "Deposition and Corrosion in Gas Turbines 
Utilizing Coal or Coal-derived Fuel", Final Report to 
DOE, DOE/METC/84-17, DE84009290, 24 (1984). 
Frazer, F. W., and C. B. Belcher, "Quatitive Determination of 
the Mineral Matter Content of Coal by A Radio-Oxidation 
Technique", F_l..lfLL 52, 41 ( 1973). 
Frenkel, J. J. "Viscous Flow of Crystalline Bodies Under the 
Action of Surface Tension", Jour. Phys.(Moscow) §!, 385 
(1945). 
Garner, J., and M. Seapan, "Fate of Trace Elements in 
Combustion of Alternate Fossil Fuels", International 
Symposium on Alternative Fuels and Hazardous Waste", 
Tulsa, Oklahoma (1984). 
Gaskell, D. R., "Introduction to Metallurgical 
Thermodynamics", Hemisphere Publishing, New York, 155 
(1981). 
Gluskoter, H. J., "Electric Low-Temperature Ashing of 
Bituminous Coal", E.\J.cl, .1.1, 285 ( 1965). 
Gluskoter, H. J. , and R. S. Mitchell, "Mineralogy of Ash of 
Some American Coals: Variations with Temperature and 
Source", ~. Q.Q, 2 ( 1976). 
Gluskoter, H. J., N. F. Shimp, and R. R. Ruch, "Coal 
Analyses, Trace Elements and Mineral Matter", in: 
Chemistry of Coal Utilization, Second Supplementary 
Volume (M. A. Elliott, ed), John Wiley and Sons, New 
York, 369 ( 1981). 
Godridge, A. M.,and A. W. Read, "Combustion and Heat Transfer 
in Large Boiler Fired furnaces", Prog. Energy 
Combust. ~. 2, 83 (1976). 
Halstead, W. D. and E. Rassk, "The Behavior of Sulphur and 
Chlorine Compounds in Pulverized Fuel Fired Boilers", 
J oyr:__._ Inst. ~L .42_, 344 ( 1969). 
117 
Hottel, H. C., and E. S. Cohen, "'Radiant Heat Exchange in a 
Gas-Filled Enclosure: Allowance for Nonuniformity of 
Gas Temperature", AIChE Jour., .1, 3-14 (1958). 
Howard, J. B., Ph. D. Thesis, ''Mechanisms of Ignition and 
Combustion in Flames of Pulverized Bituminous Coal", 
Pennsylvanian Statte University, 451 (1965). 
Janz, G. J., "Molten Salt Handbook", Academic Press,New York, 
63 ( 1967). 
Johannes, A. H., Ph. D. Dissertation, University of 
Kentucky, Lexington, Kentucky (1977). 
Johnson, H. R., and D. H. Littler, "Mechanism of Corrosion by 
Fuel Impurities", Marchwood, Butterworth, London, 80 
(1963). 
Lauf, R. J., "'Cenospheres in Fly Ash and Conditions Favouring 
Their Formation"', Fuel, Q_Q, 1177 ( 1981). 
Lewis, P. S., et al., "Chemistry of Hot Gas Clean Up in Coal 
Gasfication and Combustion"', DOE report No. MERC/SP-
78/2 ( 1978). 
Miller, R. N., R. F. Yarzab, and P. H. Given, "Determination 
of the Mineral Matter Contents of Coal by Low-
Temperature Ashing", Fuel, 58, 4 (1979). 
Morgan, M. E., R. G. Jenkins, and P. L. Walker, 
Jr., "Inorganic Constituents in American Lignites", 
~. §_Q, 189 ( 1981). 
Lightman, P., and P. J. Street, "Microscopic Examination of 
Heat Treated Pulverized Coal Particles", Fuel, 47, 7 
(1968). 
Lovering, D. G., and R. J. Gale, "'Molting Salt Techniques", 
Plunum, New York 120 (1983). 
Kelley, K. K., "'Contributions to the Data on Theoretical 
Metallurgy: the Free Energies of Vaporization and 
Vapor Pressures of Inorganic Substances"', U. S. 
Bureau Mines, Bull. No. 383, 3 (1935). 
Kelley, K. K., "Evaluation of Free Energy Data of Sulphur, 
Sulphides and Sulphates", U. S. Bureau Mines, Bull. 
No. 406, 73 (1937). 
Kubuschewski, 0., and C. B. Alcock, "Metallurgical 
Thermochemistry", 5th edition, Pergamon Press, New 
York, 259 (1979). 
O'Gorman, J. V., and P. L. Jr. Walker, "Mineral Matter 
Characteristics of Some American Coals", E.Ytl, Q_Q, 
135 (1971). 
118 
Padia, A. S., "The Behavior of Ash in Pulverized Under 
Simulated Combustion Conditions", Ph. D. Thesis, 
Pennsylvania State University, Pennsylvania (1976), a-
pp3, b = pp46, c = pp63. 
Paulson, C. A., and A. R. Rausden, "Some Microscopic Features 
of Fly-Ash Particles and Their Significance in Relation 
to Electrostatic Precipitation", Atmospheric 
Environment, ~' 175 (1970). 
Quann, R. J., and A. F. Sarofim, "Vaporization of Refractory 
Oxides During Pulverized Coal Combustion", Nineteenth 
Symposium International on Combustion, The Combustion 
Institute, 1429 ( 1982). 
Raask, E., "Mineral Impurities in Coal Combustion: Behaviour, 
Problem, and Remedial Measures", Hemisphere Publishing, 
New York (1985), a= pp6, b = pp17, c = pp63, d = pp76, 
e = pp197, f = pp197, g = pp36, h = pp330. 
Ramsden, A. R. , "Microscopic Investigations into The 
Formation of Fly Ash During the Combustion of A 
Pulverised Bituminous Coal", Fuel, 48, 121 ( 1969). 
Reid, R. C., J. M. Prausnitz, and T. K. Sherwood, "The 
Properties of Gases and Liquid", 3rd edition, McGraw-
Hill, New York,629 (1977). 
Russell, S. J., and S. M. Rimmer, "Analysis of Mineral 
Matter in Coal, Coal Gasification Ash, and Coal 
Liquefaction Residues by Scanning Electron Microscopy 
and X-ray Diffraction,in: Analytical Methods for Coal 
and Coal products, Vol. 3, Academic Press, New York, 
133 ( 1979). 
Sarofim, A. F., J. B. Howard, and A. S. Padia, "The Physical 
Transformation of the Mineral Matter in Pulverized 
Coal Under Simulated Combustion Conditions", Combustion 
Science Technology, 16,187 (1977). 
Selvig, W. A., and F. H. Gibson, "Analysis of Ash from United 
States Coals", U. S. Bureau Mines, Bu 11. No. 567 
(1956). 
Singer, J. G., "Combustion: Fossil Power System", Combustion 
Engineering, Windor, 6-35 (1981). 
Smith, N. Y., W. H. Beck, and K. Hein, "Equilibrium 
Calculationa of Fireside Products Formed During the 
Combustion of Rhineland Brown Coals with Special 
Emphasis on Fouling Constituents", Combustion 
Science TechnolQgy, ~. 115 (1985). 
Sondreal, E. A., P. H. Gronhovd, P. H. Tufte, and W. 
Beckering, "Ash Fouling Studies of Low-Rank Western 
U.S. Coals", in: Ash Deposits and Corrosion Due to 
Impuritied in Combustion Gases, 85 (1977). 
Smoot, L. D., and P.J. Smith, "Coal Combustion and 
Gasification", Plenum Press, New York, 112 (1985). 
Stern, K. H., and E. L. Weise, "High Temperature 
119 
Properties and Decomposition of Inorganic Salts Part 2, 
Carbonates", NSRDS -NBS 30. 
Street, P. J., R. P. Weight and P. Lightman, "Further 
Investigation of Structure Changes Occurring in 
Pulverized Coal Particles During Rapid Heating", 
Fuel, 48, 343 (1969}. 
Stull, D. R., "Vapor Pressure of Inorganic Substances: 
Review", _Ind. EruL_ Chern., ~. 540 (1947). 
Stull, D. R., and H. Prophet, "JANAF Thermochemical Tables", 
2nd edition, NSRDS -NBS 37, Supt. of Documents (1971}. 
Wang, S., "The Design and Construction of a Laboratory-
Scale Furnace to Test the Slagging Behavior of Blended 
Coal", Master Thesis, Oklahoma State University (1988). 
Weast, R. C., M. J. Astle, and W. H. Beyer, "CRC Handbook of 
Chemistry and Physics", 67th edition, CRC Press, D-113, 
(1986). 
Wibberley, L. J., and T. F. Wall, "Alkali-Ash Reactions and 
Deposit Formation in Pulverized-Coal-Fired Boilers", 
E:illli_, .6_1, 87 (1982). 
Winegartner, E. C., "Coal Fouling and Slagging Parameters", 
American Society of Mechanical Engineering, (1974). 
Zecchini, E. J., "Prediction of Slagging Problems Due 
to the Blending of Coal", Master Thesis,Oklahoma State 






















* * This program can predict the rate of deposition and the 
* composition of deposits formed at different locations in 
* a boiler. A multicell, lumped parameter approach was 
* used, assuming that the cells are well mixed and 
* deposition occurs only by condensation of the stable 
* minerals on the boilers tubes. 
* * Basis for material balance calculation is 100 g coal. 
* All calculation are done on this basis. At the end the 




* * * NOMENCLATURE * 
* * 
* * * A(I), B(I), C(I), D(I): coefficients of heat capacity * 
* equation, I=1 to 7, refering to H20, H2, N2, 02, * 
* C02, S02, CO * * AA,BB,CC,DD: overall coefficients of heat capacity * 
* equation of inlet gas * 
* AAA,BBA,CCA,DDA: overall coefficients of heat capacity * 
* equation of outlet gas * 
* AL: weight of Al (g) * 
*ALE: weight of solid Al element 1n a zone (g) * 
* ALEl: weight of vapor Al element in a zone (g) * 
* AL203: weight of Al203 (g) * 
* AL203A: amount of total Al203 in a zone (gmol) * 
* AL203L: wt% of Al203 in ASTM ash analysis * 
* AL203N: amount of solid Al203 in a zone (gmol) * 
* ALOX: Al in Al203 form for solid (g) * 
* ALOXl: Al in Al203 form for vapor (g) * 
* ALP: wt% of solid Al203 in a zone * 
* ALPl: wt% of vapor Al203 in a zone * 
* ASH: boiler ash (g) * 
* ASHC: unburned carbon in boiler ash (g) * 
* ASHLIB: laboratory ash (g) * 
* CA: weight of Ca (g) * 
* CAE: weight of solid Ca element in a zone (g) * 
* CAEl:weight of vapor Ca element in a zone (g) * 
* CAO: weight of CaO (g) * 
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* CAOA: amount of total CaO in a zone (gmol) * 
* CAOL: wt% of CaO in ASTM ash analysis * 
* CAON: amount of solid CaO in a zone (gmol) * 
* CAOX: Ca in CaO form for solid (g) * 
* CAOXl: Ca in CaO form for vapor (g) * 
* CAP: wt% of solid CaO in a zone * 
* CAPl: wt% of vapor CaO in a zone * 
* CAPOA: amount of total Ca3(P04)2 in a zone (gmol) * 
* CAPON: amount of solid Ca3(P04)2 in a zone (gmol) * 
* CAS04A: amount of total CaS04 in a zone (gmol) * 
* CAS04N: amount of solid CaS04 in a zone (gmol) * * CBO,CBl: temperature profile regression line parameters * 
* in convective zone * 
* COA: amount of CO after combustion (gmol) * 
* COC: mol% of CO in the flue gas * 
* C02A: amount of C02 after combustion (gmol) * 
* C02C: mol% of C02 in the flue gas * 
* CR: burned carbon (g) * 
* CRl: carbon content in coal (g) * 
* CT1,CT2,CT3,CT4,CT5,CT6,CT7:convective zone temp. (K) * 
* DAIR: amount of dry air required in burning coal (gmol) * 
* ER: energy released in burning coal (cal) * 
* FACTOR: scale-up factor to change from 100 g coal to * 
* actual coal consumption rate * 
* FC: fixed carbon wt% (from proximate analysis) * 
* FE: weight of Al (g) * * FEE: weight of solid Fe element in a zone (g) * 
*FEEl: weight of vapor Fe element in a zone (g) * 
* FE203: weight of Fe203 (g) * 
* FE304: weight of Fe304 (g) * 
* FE203A: amount of total Fe203 in a zone (gmol) * 
* FE304A: amount of total Fe304 in a zone (gmol) * 
* FE203L: wt% of Fe203 in ASTM ash analysis * 
* FE203N: amount of solid Fe203 in a zone (gmol) * 
* FE304N: amount of solid Fe304 in a zone (gmol) * 
* FEOX: Fe in Fe203 form for solid (g) * 
* FEOXl: Fe in Fe203 form for vapor (g) * 
* FEP: wt% of solid Fe203 in a zone * * FEPl: wt% of vapor Fe203 in a zone * * FLUX: slagging flux in a zone, defined as rate of * 
* deposit formed per unit area (kg/m**2-hr) * 
* FUEL: fuel consumption rate (ton/hr) * 
* H: furnace height in various zone (ft) * 
* HAD: functional form of energy balance equation * 
* HADD: first derivative of energy balance eqn. function * 
* HAIR: enthalpy of inlet air (cal) * 
* HASH!: enthalpy of inlet ash (cal) * 
* HCOAL: enthalpy of inlet coal (cal) * 
* HEIGHT: height of the boiler (ft) * 
* HFC: enthalpy of fixed carbon (cal) * 
* HH20: enthalpy of moisture in inlet coal (cal) * 
* HIN: total enthalpy input (cal) * 
* H20A: amount of H20 after combustion (gmol) * 
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* H20C: mol% of H20 in the flue gas * 
* H200: amount of H20 in inlet air (gmol) * 
* HVM: enthalpy of volatile matter (cal) * 
* HVH: higher heating value (btu/lb) * 
* HVLT: total lower heating value (btu/lb) * * IGFACT: ignition factor to correct ash composition based* 
* on ASTM ash analysis * 
* K: weight of K (g) * 
* K2C03A: amount of total K2C03 in a zone (gmol) * 
* K2C03N: amount of solid K2C03 in a zone (gmol) * 
* KE: weight of solid K element in a zone (g) * * KEl: weight of vapor K element in a zone (g) * 
* K20: weight of K20 (g) * 
* K20L: wt% of K20 in ASTM ash analysis * * KOX: K in K20 form for solid (g) * 
* KOXl: K in K20 form for vapor (g) * 
* KP: wt% of solid K20 in a zone * 
* KPl: wt% of vapor K20 in a zone * 
* LENGTH: length of the boiler (ft) * 
* MG: weight of Mg (g) * 
* MGE: weight of solid Mg element in a zone (g) * 
* MGEl: weight of vapor Mg element in a zone (g) * 
* MGO: weight of MgO (g) * 
* MGOA: amount of total MgO in a zone (gmol) * 
* MGOL: wt% of MgO in ASTM ash analysis * 
* MGON: amount of solid MgO in a zone (gmol) * 
* MGOX: Mg in MgO form for· solid (g) * 
* MGOXl: Mg in MgO form for vapor (g) * 
* MGP: wt% of solid MgO in a zone * 
1GP1: wt% of vapor MgO in a zone * 
clULLA: amount of total mullite in a zone {gmol) * 
* MULLN: amount of solid mullite in a zone (gmol) * 
* NA: weight of Na (g) * * NACLA: amount of total NaCl in a zone (gmol) * 
* NACLN: amount of solid NaCl in a zone (gmol) * 
* NAE: weight of solid Na element in a zone (g) * 
* NAEl: weight of vapor Na element in a zone (g) * * NA20L: wt% of Na20 in ASTM ash analysis * * NAOX: Na in Na20 form for solid {g) * 
* NAOXl: Na in Na20 form for vapor (g) * 
* NAP: wt% of solid Na20 in a zone * 
* NAPl: wt% of vapor Na20 in a zone * * NASOA: amount of total Na2S04 in a zone (gmol) * 
* NASON: amount of solid Na2S04 in a zone (gmol) * 
* 02A: amount of 02 after combustion (gmol) * 
* 02C: mol% of 02 in the flue gas * * 02R: required oxygen for coal burned (gmol) * 
* 02TH: theorectical oxygen for coal burned (gmol) * 
* P: percent excess air * * PAL203: vapor pressure of Al203 (mm Hg) * 
* PCAO: vapor pressure of CaO (mm Hg) * * PCAPO: vapor pressure of Ca3(P04)2 (mm Hg) * 
* PCAS04: vapor pressure of CaS04 (mm Hg) * 
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* PE: weight of solid P element in a zone (g) * 
* PEl: weight of vapor P element in a zone (g) * 
* PFE203: vapor pressure of Fe203 (mm Hg) * 
* PFE304: vapor pressure of Fe304 (mm Hg) * 
* PK2C03: vapor pressure of K2C03 (mm Hg) * 
* PMGO: vapor pressure of MgO (mm Hg) * 
* PMULL: vapor pressure of mullite (mm Hg) * 
* PNACL: vapor pressure of NaCl (mm Hg) * 
* PNASO: vapor pressure of Na2S04 (mm Hg) * 
* POX: P in P205 form for solid (g) * 
* POXl: P in P205 form for vapor (g) * * PP: wt% of P205 in a zone * 
* PROD: total flue gas (gmol) * 
* PSI02: vapor pressure of Si02 (mm Hg) * 
* PTI02: vapor pressure of Ti02 (mm Hg) * 
* PTI203: vapor pressure of Ti203 (mm Hg) * 
* Q: numerical tolerance in computation of flame temp (K) * 
* RATIO: correction factor, (flame temp/peak temp) * 
* RAL203: amount of accumulated solid Al203 (gmol) * 
* RCAO: amount of accumulated solid CaO (gmol) * 
* RCAPO: amount of accumulated solid Ca3(P04)2 (gmol) * 
* RCAS04: amount of accumulated solid CaS04 (gmol) * 
* RFE203: amount of accumulated solid Fe203 (gmol) * 
* RFE304: amount of accumulated solid Fe304 (gmol) * 
* RK2C03: amount of accumulated solid K2C03 (gmol) * 
* RMGO: amount of accumulated solid MgO (gmol) * 
* RMULL: amount of accumulated solid mullite (gmol) * 
* RNACL: amount of accumulated solid NaCl (gmol) * 
* RNASO: amount of accumulated solid Na2S04 (gmol) * 
* RSI02: amount of accumulated solid Si02 (gmol) * * RT1,RT2,RT3,RT4,RT5,RT6: radiative zone temperature (K) * 
* RTI02: amount of accumulated solid Ti02 (gmol) * 
* RTI203: amount of accumulated solid Ti203 (gmol) ·* 
* RBO, RBl: temperature profile regression line parameters* 
* in radiative zone * 
* Sl: weight of S (g) * 
* SE: weight of solid S element in a zone (g) * 
* SEl: weight of vapor S element in a zone (g) * 
* SENT: sentinel to devide radiative andconvective zone * 
* SI: weight of Si {g) * 
* SIE: weight of solid Si element in a zone (g) * * SIEl: weight of vapor Si element in a zone (g) * 
* 8102: weight of Si02 (g) * 
* SI02A: amount of total Si02 in a zone (gmol) * 
* SI02L: wt% of Si02 in ASTM ash analysis * 
* SI02N: amount of solid Si02 in a zone (gmol) * 
* SIOX: Si in Si02 form for solid (g) * 
* SIOXl: Si in Si02 form for vapor (g) * 
* SIP: wt% of solid Si02 in a zone * 
* SIPl: wt% of vapor Si02 in a zone * * SLAGWT: amount of total deposits in a zone (g) * 
* SOX: S in S03 form for solid (g) * 
* SOXl: S in 803 form for vapor (g) * 
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* S02A: amount of S02 after combustion (gmol) * 
* S02C: mol% of S02 in the flue gas * 
* SP: wt% of solid S03 in a zone * 
* SPl: wt% of vapor S)3 in a zone * 
* SUMOX: total solid oxides in a zone (g) * 
* SUMOXl: total vapor oxides in a zone (g) * 
* Tl: coal inlet temperature (K} * 
* T2: preheated air temperature (K) * 
* TA: assumed temperature in Newton method (K} * 
* TFLAME: adiabatic flame temperature (C) * 
* TK: temperature in a zone (K) * * TNEW: new temperature in Newton method (K) * 
* TR: reference state temperature (K) * 
* UNBORN: wt% of carbon trapped in the boiler ash * 
* VAL203: amount of vapor Al203 in a zone (gmol) * 
* VCAO: amount of vapor CaO in a zone (gmol) * 
* VCAPO: amount of vapor Ca3(P04)2 in a zone (gmol) * 
* VCAS04: amount of vapor CaS04 in a zone (gmol) * 
* VFE203: amount of vapor Fe203 in a zone (gmol) * 
* VFE304: amount of vapor Fe304 in a zone (gmol) * 
* VK2C03: amount of vapor K2C03 in a zone (gmol) * 
* VMGO: amount of vapor MgO in a zone (gmol) * 
* VMULL: amount of vapor mullite in a zone (gmol) * 
* VNACL: amount of vapor NaCl in a zone (gmol) * 
* VNASO: amount of vapor Na2S04 in a zone (gmol) * 
* VSI02: amount of vapor Si02 in a zone (gmol) * 
* VTI02: amount of vapor Ti02 in a zone (gmol) * 
* VTI203: amount of vapor Ti203 in a zone (gmol) * 
* VEL: gas velocity in a combustor (ftlsec) * 
* VOLUME: flue gas volume {lit) * 
* W: mol fraction of water in the inlet air * 
* Wl: water content in the inlet air (lb H201lb air) * 
* WIDTH: width of the boiler (ft) * 
* X: percent of unburned carbon converted into CO * 
* XSAl: amount of excess Al to assign compound * 
* XSCA: amount of excess Ca to assign compound * 
* XSNA: amount of excess Na to assign compound * 
* XSS: amount of excess S to assign compound * 





IMPLICIT REAL (A-Z) 
REAL A(7),B(7},C(7),D(7) 
DATA A I 7.701,6.483,7.44,6.713,4.728,5.697,7.373 I 
DATA B I 4.595E-4,2.215E-3,-0.324E-2,-0.879E-6, 
+ 1.754E-2,1.6E-2,-0.307E-2 I 
DATA C I 2.521E-6,-3.298E-6,6.4E-6,4. 17E~6, 
+ -1.338E-5, -1.185E-5,6.662E-6 I 
DATA D I -0.859E-9,1.826E-9,-2.79E-9,-2.544E-9, 
+ 4.097E-9,3. 172E-9,-3.037E-9 I 
OPEN (6,FILE='COAL.OUT',STATUS='NEW') 
* * READ INPUT DATA FROM KEYBOARD OR ANY DEFAULT DEVICE 
* ENTERING COAL ANALYSIS 
WRITE(*,*)'BASIS 100 GRAMS COAL SAMPLE 
WRITE(*,*)'ENTER ULTIMATE ANALYSIS 
* 
+ (%) ... H20,C,H,N,S,O,ASH ?' 
READ(*,*)H20,CR1,H,N,SUL,O,ASHLAB 
WRITE(*,*)'PROXIMATE ANALYSIS 
+ (%) ... FIXED C, VOLATILE MATTER?' 
READ(*,*)FC,VM 
WRITE(*,*)'COAL HIGH HEATING VALUE? ' 
READ(*,*)HVH 
* ENTERING ASTM ASH ANALYSIS 
WRITE(*,*)' ASTM ASH ANALYSIS 
* 
* 
+ (WT%) ... SI02,AL203,TI02,FE203,CAO' 
READ(*,*)SI02L,AL203L,TI02L,FE203L,CAOL 
WRITE(*,*)' 
+ .... MGO,NA20,K20,P205,S03 
READ(*,*)MGOL,NA20L,K20L,P205L,S03L 
WRITE(*,*)'EXCESS AIR(%) ,WATER CONTENT IN AIR (LB 
+ H20/LB AIR)' 
READ(*,*) P, Wl 
WRITE(*,*)'% CARBON UNBURNED IN ASH, 
+ % CARBON CONVERTED INTO CO ' 
READ(*,*)UNBURN,X 
WRITE(*,*)'COAL INLET TEMPERATURE & 
+PREHEATED AIR TEMPERATURE(C)' 
READ(*,*) TT1,TT2 
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WRITE(*,*)'ENTER WIDTH, LENGTH, HEIGHT OF BOILER (FT)' 
READ(*,*)WIDTH, LENGTH,HEIGHT 
WRITE(*,*)'ENTER FUEL CONSUMPTION RATE (TON/HR) ' 
READ(*,*)FUEL 
* END OF INPUT 
********************************************************** 
TR = 298.0 
Tl = TT1+273.0 
T2 = TT2+273.0 
ASHC = UNBURN*ASHLAB/(100.0-UNBURN) 
ASH = ASHLAB+ASHC 
CR = CRl-ASHC 
* * CONVERT ASTM ASH WT% INTO WEIGHT IN GRAMS 
IGFACT = 100.0/(SI02L+AL203L+TI02L+FE203L+CAOL 
+ +MGOL+NA20L+K20L+P205L+S03L) 
SI02 = SI02L*ASHLAB/100:0*IGFACT 
AL203 = AL203L*ASHLAB/100.0*IGFACT 
TI02 = TI02L*ASHLAB/100.0*IGFACT 
FE203 - FE203L*ASHLAB/100.0*IGFACT 
CAO = CAOL*ASHLAB/lOO.O*IGFACT 
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MGO = MGOL*ASHLAB/lOO.O*IGFACT 
NA20 = NA20L*ASHLAB/100.0*IGFACT 
K20 = K20L*ASHLAB/100.0*IGFACT 
P205 = P205L*ASHLAB/100.0*IGFACT 
S03 = S03L*ASHLAB/100.0*IGFACT 
* * CALCULATE COAL ENTHALPY INPUT === HCOAL 
* HCOAL HFC + HASHI + HVM + HH20C 




HVM = YM*(0.4128*(Tl-TR)+(2.195E-4)*(Tl**2-TR**2)) 
HH20C= H20*1.0*(T1-TR) 
HCOAL= HFC+HASHI+HVM+HH20C 
* CALCULATE AIR ENTHALPY INPUT === HAIR 
* 
* 
02TH = (CR/12.0)+(H/2.0)*0.5+(SUL/32.0)-(0/32.0) 
02R = 02TH*(1.0+P/100.0) 
NR = 02R*79.0/21.0 
DAIR = NR+02R 
W = (W1/18.0)/(W1/18.0+1.0/28.96) 
H200 = (W*DAIR)/(1.0-W) 
* CALCULATE HEAT CAPACITY COEFFICIENT OF INLET AIR 
* 
* 
AA = A(1)*H200+A(3)*NR+A(4)*02R 
BB = B(1)*H200+B(3)*NR+B(4)*02R 
CC = C(l)*H200+C(3)*NR+C(4)*02R 
DD = D(l) *H200+D( 3) *NR+D( 4) *02R 
HAIR= AA*(T2-TR)+BB*(T2**2-TR**2)/2.0+CC*(T2**3-
+ TR**3)/3.0+DD*(T2**4-TR**4)/4.0 






H20A = H200+(H20/18.0)+(H/2.0) 
C02A = CR*(100.0-X)/1200.0 
COA = CR*X/1200.0 
S02A = SUL/32.0 
NA = NR+N/28.0 
02A = 02R-C02A-(0.5*COA)-(H*0.25)-S02A+(0/32.0) 
VOL % OF FLUE GAS 
PROD = H20A+COA+C02A+S02A+NA+02A 
H20C = H20A*l00.0/PROD 
C02C = C02A*100.0/PROD 
coc = COA*lOO.O/PROD 
S02C = S02A*l00.0/PROD 
NC = NA*lOO.O/PROD 
02C = 02A*100.0/PROD 
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* COAL HEATING VALUE AND ENERGY RELEASE 
* HVLT : HVH MIMUS HEAT OF VAPORZATION OF THE WATER 
* 
HYLT = HVH*0.002204*100.0*252.0-H/2.0*18.0*0.002204 
+ *1050.0*252.0 
ER = HVLT-HVH*0.002204*252.0*ASHC 
* 
*TOTAL INPUT ENTHALPY (HIN):ENTHALPY INPUT OF COAL(HCAOL) 
* + ENTHALPY INPUT OF AIR (HAIR) 
* + COAL ENERGY RELEASE ( ER) 
* HIN = HCOAL+HAIR+ER 
* * CALCULATE AFTER COMBUSTION FLUE GAS HEAT CAPACITY CONSTANT 
* 
* 
AAA = A(5)*C02A+A(1)*H20A+A(3)*NA+ 
+ A(4)*02A+S02A*A(6)+A(7)*COA 
BBA = B(5)*C02A+B(1)*H20A+B(3)*NA+ 
+ B(4)*02A+S02A*B(6)+B(7)*COA 
CCA = Ct5)*C02A+C(1)*H20A+C(3)*NA+ 
+ C(4)*02A+S02A*C(6)+C(7)*COA 
DDA = D(5)*C02A+D(1)*H20A+D(3)*NA+ 
+ D(4)*02A+S02A*D(6)+D(7)*COA 
* HCOAL+HAIR+HEAT GENERATED (HVLT) = HASH+HFLUEGAS 
* * NEWTON-RAPHSON METHOD TO SOLVE FLAME TEMPERATURE 
* TA IS INITIAL TEST FLAME TEMPERATURE IN DEGREE K 
TA = 2200.0 
* HAD:ENTHALPY CHANGE AFTER REACTIONS (FUNCTION OF TEMP 
* HADD IS THE FIRST DERIVATIVE OF HAD(T) 
* ABS{Q) IS THE TOLERANCE 
200 HAD = ((AAA+(ASH*0.18))*(TA-TR))+((BBA+(7.78E-5) 
+ *ASH)*(TA**2-TR**2)/2.0)+(CCA*(TA**3-TR**3)/3.0) 
+ +(DDA*(TA**4-TR**4)/4.0)-HIN 
HADD = (AAA+(ASH*O. 18))+((BBA+(7.78E-5)*ASH)*TA) 
+ +(CCA*(TA**2))+(DDA*(TA**3)) 
TNEW = TA-HAD/HADD 
Q = TA-TNEW 
IF(ABS(Q) .LE. 0.001) GO TO 300 
TA = TNEW 
GO TO 200 
300 TK = TA 
TFLAME= TK-273.0 
* END OF ADIABATIC FLAME TEMPERATURE 
*********************************************************** 
* ASSIGN POSSIBLE STABLE COMPOUND DURING COMBUSTION 
* POSSIBLE MAJOR SULFATES IN COAL DEPOSITS : 
* NA2S04,CAS04 
* POSSIBLE MAJOR OXIDES IN COAL DEPOSITS : 
* CAO,MGO,FE203,FE304,AL203,TI02,TI203,SI02 
* POSSIBLE MAJOR PHOSPHATES IN COAL DEPOSITS: 
* CA3(P04)2 
* OTHER POSSIBLE COMPOUND IN COAL DEPOSITS: 
* NACL, AL6SI2013, K2C03 
* 
* 
Sl = S03*(32.0/(32.0+48.0)) 
CA = CA0*(40.08/(40.08+16.0)) 
NA = NA20*(23.0*2.0/(46.0+16.0)) 
K = K20*(39.1*2.0/(39.1*2.0+16.0)) 
TI = TI02*(47.9/79.9) 
AL = AL203*(2*26.98/101.96) 
SI = SI02*(28.09/60.08) 
FE = FE203*(2*55.85/159.69) 
PH = P205*(2*30.97/(2*30.97+80.0)) 
* CONVERT AL INTO MULLITE(AL6SI2013), AL203 
* CONVERT SI INTO MULLITE(AL6SI2013), SI02 
ALMOLE = AL/26.98 
SIMOLE = SI/28.09 
AL6 = ALMOLE/6 
SI2 = SIMOLE/2 
IF (AL6 .GE. SI2) THEN 
MULL = SI*426.05/(2*28.09) 
XSAL = AL- MULL*6*26.98/426.05 
AL203 = XSAL*(2*26.98+48)/(2*26.98} 
ELSE 
MULL = AL*426.05/(6*26.98) 
XSSI = SI - MULL*2*28.09/426.05 
SI02 = XSSI*60.08/28.09 
END IF 
* 
* CONVERT FE WEIGHT INTO FE203, FE304 ( 2 
FE203 = FE*0.4*159.69/(2.0*55.85} 
FE304 - FE*0.6*231.54/(3.0*55.85) -
* 
* CONVERT TI WEIGHT INTO TI02, TI203 ( 1 
TI02 = TI*(1.0/3.0)*(79.9/47.9) 
TI203 = TI*(Z.0/3.0)*143.8/(47.9*2.0) 
* 
* CONVERT P04 INTO CA3(P04)2 CAPO = PH*310.18/(30.97*2) 
XSCA = CA- CAP0*3*40.08/310.18 




* IF CL GREATER OR EQUAL THAN 0.6 ,THEN CL SERVE AS NACL 
* IF CL LESS THAN 0.6 ,THEN CL CAN BE IGNORED 
* CONVERT NA INTO NA2S04 
* CONVERT CA INTO CAS04, CAO 











XSNA - NA 
END IF 
* EXCESS NA AS NA2S04 
NA2S04 = XSNA*(23.0*2.0+32.0+64.0)/(23.0*2.0) 
XSS = S1-NA2S04*32.0/(23.0*2.0+32.0+64.0) 
* * IF EXCESS S GREATER THAN 0.0 ,EXCESS S AS CAS04 
*THEN IF EXCESS CA GREATER THAN 0.0 ,EXCESS CA AS CAO 
* IF EXCESS CA LESS THAN O.O,RECALCULATE CAS04 AND NA2S04 
IF (XSS .GT. 0.0) THEN 
CAS04 = XSS*(40.0+32.0+64.0)/32.0 
XSCA = CA-CAS04*40.0/(40.0+32.0+64.0) 
CAO = XSCA*(40.0+16.0)/40.0 
*IF EXCESS CA <0.0 ,CA AS CAS04 AND EXCESS S AS NA2S04 
IF (XSCA .LT. 0.0) THEN 
CAS04 = CA*(40.0+32.0+64.0)/40.0 
XSS - S1-CAS04*32.0/(40.0+32.0+64.0) 
NA2S04 = XSNA*(46.0+32.0+64.0)/46.0 
XSS = XSS-NA2S04*(46.0+32.0+64.0)/46.0 
END IF 
END IF 
* * CONVERT K20 INTO K2C03 
K2C03 = K*138.2/(2*39. 1) 




* END OF POSSIBL STABLE COMPOUND ASSIGNED 
*********************************************************** 
* LIST THE OUTPUT RESULTS 
WRITE(6,*)'******************************************' 
WRITE(6,*)'CALCULATION OF MINERAL MATTER DISTRIBUTION' 







WRITE(6,*)' ULTIMATE ANLYSIS WT% 
WRITE(6,*)'==========================================' 
WRITE(6,*)' H20 C H N S 0 ASH ' 
WRITE(6,50)H20,CR1,H,N,SUL,O,ASHLAB 
50 FORMAT(F7.2,F7.2,F7.2,F7.2,F7.2,F7.2,F7.2,/) 
WRITE(6,*)' PROXIMATE ANALYSIS WT% 
WRITE(6,*)'==========================================' 
WRITE(6,*)' FIXED C VOLATILE MATTER H20 ASH ' 
WRITE(6,60)FC,VM,H20,ASHLAB 
60 FORMAT(F10.2,F14.2,F10.2,F7.2,/) 









WRITE(6,*)' SI02 AL203 TI02 FE203 CAO ' 
WRITE(6,70)SI02L,AL203L,TI02L,FE203L,CAOL 
70 FORMAT(F8.2,F8.2,F8.2,1X,F8.2,2X,F8.2) 
WRITE(6,*)' MGO NA20 K20 P205 S03 
WRITE(6,80)MGOL,NA20L,K20L,P205L,S03L 
80 FORMAT(F8.2,F8.2,F8.2,1X,F8.2,2X,F8.2,/) 
WRITE(6,*)' INPUT FUEL DATA 
WRITE(6,*)'=========================================' 




11 FORMAT('HIGHER HEATING VALUE=', F8.0,' BTU/LB',/) 
WRITE(6, 12)UNBURN 
12 FORMAT('UNBURNED CARBON IN ASH= ',F4.2,' %',/) 
WRITE(6, 14)X 
14 FORMAT('CARBON CONVERTED TO CO= ',F4.2,' %',/) 
WRITE(6,15)FUEL 
15 FORMAT('FUEL CONSUMPTION RATE= ',F6.0,' TON/HR',/) 
WRITE(6, *)'DIMENSION OF BOILER: (FT)' 
WRITE(6,16)WIDTH,LENGTH,HEIGHT 
16 FORMAT('WIDTH= ',F4.0, 'LENGTH= ',F4.0, 'HEIGHT=' 
+ F4.0,/) 
WRITE(6,*)'0UTPUT DATA:' 
WRITE ( 6 , * ) ' ' 
WRITE(6,*)' FLUE GAS COMPOSITION VOL%' 
WRITE(6,*)'=======================================' 




17 FORMAT('FLUE GAS (FOR 100 g COAL)= ',F6.3, 'GMOL') 
WRITE ( 6 , * ) ' ' 
WRITE(6,18)ASH 
18 FORMAT('BOILER ASH= ',F6.4,' GRAMS',/) 
WRITE(6,110)TFLAME 
110 FORMAT('ADIABATIC FLAME TEMPERATURE= ',F6.0, '(C)',/) 
CONVERT WEIGHTS OF MINERAL INTO MOLES OF MINERAL 
MULLA = MULL/426.05 
AL203A = AL203/101.96 
SI02A = SI02/60.08 
FE203A = FE203/159.69 
FE304A = FE304/231.54 
NASOA = NA2S04/142.04 
NACLA = NACL/(23+35.45) 
CAPO A = CAP0/310.18 
CAS04A = CAS04/136. 14 
* 
CAOA = CA0/56.08 
TI02A = TI02/79.9 
TI203A = TI203/143.8 
MGOA = MG0/40.3 
K2C03A = K2C03/138.2 
RMULL = 0.0 
RAL203 = 0.0 
RSI02 = 0.0 
RFE203 = 0.0 
RFE304 = 0.0 
RNASO = 0.0 
RNACL = 0.0 
RCAPO = 0.0 
RCAS04 = 0.0 
RCAO = 0.0 
RTI02 = 0.0 
RTI203 = 0.0 
RMGO = 0.0 
RK2C03 = 0.0 
* SCALE-UP FACTOR TO CONVERT lOOg COAL TO ACTUAL BURNING 
* RATE 
FACTOR= FUEL*1000.0*1000.0/100.0 
* CURVE FITTING TEMPERATURE PROFILES 
* USING DEFAULT PROFILE OR INPUT TEMPERATURE PROFILE 
WRITE(*,*)'IS TEMPERATURE PROFILE AVAILABLE? 
+ YES=l, NO=O' 
READ(*,*)COUNT 
IF (COUNT .GT. 0) THEN 
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WRITE(*,*)'ENTER RADIATION ZONE TEMPERATURE AT 
WRITE(*,*)'FLAME,30FT,60FT,90FT,l20FT, 150FT, 165FT (K)' 
READ(*,*)RT1,RT2,RT3,RT4,RT5,RT6,RT7 
* RADIATION ZONE 






* Bl= (N*SUM(X*Y)-SUMX*SUMY)/(N*SUM(X**2)-SUMX**2) 
* BO= (SUMY-Bl*SUMX)/N 
RBl = (7*SXY-SX*SY)/(7.0*SXX-SX**2) 
RBO = (SY~RBl*SX)/7.0 
WRITE(*,*)'RADIATION ZONE T PROFILE · ' 
WRITE(*,*)' T = ( ',RBl,') * H + ( ',RBO,')' 
* TK = RBl*H+RBO 
* WRITE(*,*)'ENTER CONVECTION ZONE TEMPERATURE AT ' 
WRITE(*,*)'165FT, 180FT, 195FT, 210FT, 225FT, 240FT (K)' 
READ(*,*)CT1,CT2,CT3,CT4,CT5,CT6 







CBl = (6*SXY-SX*SY)/(6.0*SXX-SX**2) 
CBO = (SY-CBl*SX)/6.0 
WRITE(*,*)'CONVECTION ZONE T PROFILE : ' 
WRITE ( *, *) ' T = ( ' , CB 1, ' ) * H + ( ' , CBO, ' ) ' 
* TK = CBl*H+CBO 
* ELSE 
* CURVE FITTING DEFAULT PROFILE 
* RADIATION ZONE 
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*RESIDENCE TIME: 0.067 0.5 1.0 1.5 2.0 2.5 2.75 SEC 
* TEMPERATURE : 2348 2246 2107 1968 1921 1848 1764 K 
*ASSUME AVERAGE VELOCITY IS 60.0 FT/SEC 
VEL = 60.0 









RBO=( SY·-RBl*SX) /7. 0 
WRITE{*,*)'RADIATION ZONE T PROFILE · ' 
WRITE(*,*)' T = ( ',RBl,') * H + ( ',RBO,')' 
* TK = RB1*H+RBO 
* * CONVECTION ZONE 
*RESIDENCE TIME: 2.75 3.0 3.25 3.5 3.75 4.0 SEC 









WRITE(*,*)'CONVECTION ZONE T PROFILE · ' 
WRITE(*,*)' T = ( ',CBl,') * H + ( ',CBO,')' 
* TK = CBl*H+CBO 
END IF 
* END OF TEMPERATURE PROFILE 
********************************************************* 
* THE DISTRIBUTION OF MINERAL MATTERS AT DIFFERENT LOCATIONS 
* DEVIDED A COMBUSTOR INTO ZONES AND EACH WITH 10 FEET IN 
* HEIGHT * MINERAL DISTRIBUTION IN RADIATIVE ZONE 
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SENT = 165.0 
H = -5.0 
210 IF (H .LT. SENT) THEN 
H = H+10.0 
TK = RB1*H+RBO 
WRITE(6,87)H,TK 






GO TO 210 
ELSE 
GO TO 220 
END IF 
* MINERAL DISTRIBUTION IN CONVECTIVE ZONE 
* 
220 H = 165.0 
SENT = HEIGHT 
230 IF (H .LT. SENT) THEN 
H = H+10.0 
TK = CB1*H+CBO 
WRITE(6,97)H,TK 










* SUBROUTINE TO CALCULATE THE AMOUNT OF VAPOR AND SOLID IN 








IMPLICIT REAL (A-Z) 
*SINCE AT HIGH TEMPERATURE LOW PRESSURE ,THEREFORE, 
* FOLLOW THE IDEAL GAS LAW TO CALCULATE FLUE GAS VOLUME 
* ASSUMPTION: 
* l.PARTIAL PRESSURES OF MINERAL VAPORS ARE THE SAME AS 
* VAPOR PRESSURE OF MINERAL MATTERS 
* 2.TOTAL PRESSURE IS 760 MMHG 
*GAS CONSTANT (R) = 62.36(L*MMHG)/(GMOLE*K) 
* VAPOR PRESSURE EQUATIONS OF MINERAL MATTERS 
* 
R = 62.36 














PMG0=(10**( 12. 37-26100. 0/TK)) * ( 7. 500617* ( 1. OE-3)) 
PK2C03=(10**(5.39-(12700.0/TK)))*760.0 
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IF (MULLN .LT. 0.0} THEN 
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MULLN = 0.0 
MULL A = MULLA-MULLN 
ELSE 
RMULL = MULLN+RMULL 
MULL A = VMULL 
WMULL = MULLN*426.05 
END IF 
* 
IF (AL203N . LT. 0.0) THEN 
AL203N = 0.0 
AL203A = AL203A-AL203N 
ELSE 
RAL203 = AL203N+RAL203 
AL203A = VAL203 
WAL203 = AL203N*l01.96 
END IF 
* 
IF (SI02N .LT. 0.0) THEN 
SI02N = 0.0 
SI02A = SI02A-SI02N 
ELSE 
RSI02 = SI02N+RSI02 
SI02A = VSI02 
WSI02 = SI02N*60.08 
END IF 
* 
IF (FE203N .LT. 0.0) THEN 
FE203N = 0.0 
FE203A = FE203A-FE203N 
ELSE 
RFE203 = RFE203+FE203N 
FE203A = VFE203 
WFE203 = FE203N*l59.69 
END IF 
* 
IF (FE304N . LT. 0.0) THEN 
FE304N = 0.0 
FE304A = FE304A-FE304N 
ELSE 
RFE304 = RFE304+FE304N 
FE304A = VFE304 
WFE304 = FE304N*231. 54 
END IF 
* 
IF (CAPON .LT. 0.0) THEN 
CAPON = 0.0 
CAPO A = CAPO A-CAPON 
ELSE 
RCAPO = RCAPO+CAPON 
CAPO A = VCAPO 




IF (CAS04N .LT. 0.0) THEN 
CAS04N = 0.0 
CAS04A = CAS04A-CAS04N 
ELSE 
RCAS04 = RCAS04+CAS04N 
CAS04A = VCAS04 
WCAS04 = CAS04N*l36.14 
END IF 
* 
IF (CAON .LT. 0.0) THEN 
CAON = 0.0 
CAOA = CAOA-CAON 
ELSE 
RCAO - CAON+RCAO -
CAOA = VCAO 
WCAO = CAON*56.08 
END IF 
* 
IF (NASON .LT. 0.0) THEN 
NASON = 0.0 
NASOA = NASOA-NASON 
ELSE 
RNA SO = NASON+RNASO 
NASOA = VNASO 
WNASO = NASON*l42.04 
END IF 
* 
IF (NACLN .LT. 0.0) THEN 
NACLN = 0.0 
NACLA = NACLA-NACLN 
ELSE 
RNACL = RNACL+NACLN 
NACLA = VNACL 
WNACL = NACLN*58.45 
END IF 
* 
IF (TI02N .LT. 0.0) THEN 
TI02N = 0.0 
TI02A = TI02A-TI02N 
ELSE 
RTI02 - TI02N+RTI02 -
TI02A = VTI02 
WTI02 - TI02N*79.9 -
END IF 
* 
IF (TI203N .LT. 0.0) THEN 
TI203N = 0.0 
TI203A = TI203A-TI203N 
ELSE 
RTI203 = TI203N+RTI203 
TI203A = VTI203 
WTI203 = TI203N*l43.8 
END IF 
* 
IF (MGON .LT. 0.0) THEN 
MGON = 0.0 
MGOA = MGOA-MGON 
ELSE 
RMGO = MGON+RMGO 
MGOA = VMGO 
WMGO = MGON*40.3 
END IF 
* 
IF (K2C03N .LT. 0.0) THEN 
K2C03N = 0.0 
K2C03A = K2C03A-K2C03N 
ELSE 
RK2C03 = K2C03N+RK2C03 
K2C03A = VK2C03 
WK2C03 = K2C03N*138.2 
END IF 
* * WEIGHT OF SLAG PRODUCED BY BURNING lOOg COAL IN A ZONE 
SLAGWT = WMULL+WAL203+WSI02+WFE203+WFE304+WCAPO 
+ +WCAS04+WCAO+WNASO+WNACL+WTI02+WTI203 
+ +WMGO+WK2C03 




89 FORMAT('SLAG = ',F8.5, 'GRAMS (FOR 100 GRAMS COAL)') 
WRITE(6,99)FLUX 
99 FORMAT('SLAGGING FLUX= ',F8.3,' KG/M**2-HR ') 
* CONVERT ASH DEPOSITION INTO ASTM ASH ANALYSIS 











SE =CAS04N*32.06/136. 14+NASON*32.06/142.04 

























WRITE(6,*)'DISTRIBUTION OF SOLID MINERAL MATTER (WT%)' 
WRITE(6,*)'Fe as Ca as Mg as Na as K as 
WRITE(6,*)'Fe203 CaO MgO Na20 K20 
WRITE(6,88)FEP,CAP,MGP,NAP,KP 
88 FORMAT(5F7.2) 
WRITE(6,*)'Si as Al as Ti as P as S as 
WRITE(6,*)'Si02 Al203 Ti02 P205 S03 
WRITE(6,98)SIP,ALP,TIP,PP,SP 
98 FORMAT(5F7.2,/) 
* CONVERT VAPOR INTO ASTM ASH ANALYSIS 










PEl =VCAP0*2*30.97/310. 18 
SEl =VCAS04*32.06/136. 14+VNAS0*32.06/142.04 

























WRITE(6,*)'DISTRIBUTION OF VAPOR DISTRIBUTION (WT%)' 
WRITE(6,*)'Fe as Ca as Mg as Na as K as ' 
WRITE(6,*)'Fe203 CaO MgO Na20 K20 
WRITE(6,188)FEP1,CAP1,MGPl,NAP1,KP1 
188 FORMAT(5F7.2) 
WRITE(6,*)'Si as Alas Ti as Pas S as 










BASIS 100 GRAMS COAL SAMPLE 
ENTER ULTIMATE ANALYSIS (%) ... H20,C,H,N,S,ASH? 
[Input ultimate analysis from coal analysis] 
PROXIMATE ANALYSIS(%) ... FIXED C, VOLATILE MATTER? 
[Input fixed carbon and volatile matter wt% from coal 
analysis] 
COAL HIGH HEATING VALUE ? 
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[Read from coal analysis or calculate from Dulong's formular 
(btu/lb)] 
ASTM ASH ANALYSIS (WT%) ... SI02,AL203,TI02,FE203,CAO 
... MGO,NA20,K20,P205,S03 
[Input ASTM ash analysis from coal analysis] 
EXCESS AIR(%), WATER CONTENT IN AIR (LB H20/LB AIR) 
[Input excess air %, usually between 10 to 30. Water content 
read from psychrometric chart] 
% CARBON UNBURNED IN ASH, % CARBON CONVERTED INTO CO 
[Input carbon trappedin the ash, usually between 5 to 15. 
Input carbon converted into CO] 
COAL INLET TEMPERATURE & PREHEATED AIR TEMPERATURE (C) 
[Input coal inlet temperature and preheated air temperature] 
ENTER WIDTH, LENGTH, HEIGHT OF BOILER (FT) 
[Input the dimension of the boiler] 
ENTER FUEL CONSUMPTION RATE {TON/HR) 
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IS TEMPERATURE PROFILE AVAILABLE? YES=1, NO=O 
[Input "0" then default temperature profile is chosen, 
program starts to execute. Input "1" then continue to key in 
the input value] 
ENTER RADIATION ZONE TEMPERATURE AT 
FLAME, 30FT, 60FT, 90FT, 120FT, 150FT, 165FT (K) 
[Input combustor temperatures starting from bottom] 
ENTER CONVECTION ZONE TEMPERATURE AT 
165FT,180Ft,195FT,210FT,225Ft,240FT (K) 
[Input combustor temperature of these location. If 
temperature is hard to measure, interpolation may be used] 
The output data will be saved in a automatically 
created file named COAL.OUT. Two types of output files were 
developed. A more complete output file can list all the 
input parameters, flue gas composition, adiabatic flame 
temperature, the rate of deposition and the compositon of 
deposits formed in every 10 feet interval within the 
furnace. A sample output is shown on the next page. 
Another type of output file is to generate data file 
directly. This data file shows the amount of solid and 
vapor in every 10 feet interval and can be directly 
transferred into LOTUS 123 to generate graphs of the vapor 
and solid distributions which are shown in chapter IV. 
****************************************** 
CALCULATION OF MINERAL MATTER DISTRIBUTION 
IN A COAL FIRED BOILER 
****************************************** 
INPUT DATA: 











PROXIMATE ANALYSIS WT% 
FIXED C VOLATILE MATTER H20 ASH 
























COAL T (C) AIR T (C) EXCESS AIR % WATER IN AIR % 
30.00 300.00 15.00 .03 
HIGHER HEATING VALUE= 8863. BTU/LB 
UNBURNED CARBON IN ASH= 5.00% 
CARBON CONVERTED TO CO= 2.00% 
FUEL CONSUMPTION RATE= 300. TON/HR 
DIMENSION OF BOILER: (FT) 
WIDTH= 50.LENGTH= 50.HEIGHT= 220. 
OUTPUT DATA: 











FLUE GAS (FOR 100 g COAL)= 28.781GMOL 
BOILER ASH= 7.1684 GRAMS 





Height: 5. ft, Temperature: 1958. K 
SLAG = 2.93253GRAMS {FOR 100 GRAMS COAL) 
SLAGGING FLUX = 87.976 KG/M**2-HR 
DISTRIBUTION OF SOLID MINERAL MATTER (WT%) 
Fe as Ca as Mg as Na as K as 
Fe203 CaO MgO Na20 K20 
.00 26.83 12.60 . 00 .00 
Si as Al as Ti as P as s as 
Si02 Al203 Ti02 P205 S03 
37.27 21.76 1.54 . 00 .00 
DISTRIBUTION OF VAPOR DISTRIBUTION ( WT%) 
Fe as Ca as Mg as Na as K as 
Fe203 CaO MgO Na20 K20 
.30 .36 .00 85. 16 2. 11 
Si as Al as Ti as P as s as 
Si02 Al203 Ti02 P205 S03 
.05 .02 . 00 . 06 11.93 
Height: 225. ft, Temperature: 701. K 
SLAG = .00004GRAMS (FOR 100 GRAMS COAL) 
SLAGGING FLUX = .001 KG/M**2-HR 
DISTRIBUTION OF SOLID MINERAL MATTER (WT%) 
Fe as Ca as Mg as Na as K as 
Fe203 CaO MgO Na20 K20 
.00 .24 . 00 43.07 .74 
Si as Al as Ti as P as s as 
Si02 Al203 Ti02 P205 S03 
. 00 .00 . 00 .00 55.95 
DISTRIBUTION OF VAPOR DISTRIBUTION (WT%) 
Fe as Ca as Mg as Na as K as 
Fe203 CaO MgO Na20 K20 
.00 .00 . 00 99.01 . 01 
Si as Al as Ti as P as s as 
Si02 A1203 Ti02 P205 S03 
. 00 .00 . 00 .00 .99 
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